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ABSTRACT 

In  the  nit  earhutamide  and,  to  a  much  lesser  extent,  metahexamide  result  in 
reduction  in  thyroidal  I'^'  uptake  and  I'-'  concentration.  Only  earhutamide  is 
actually  goitrogenic.  In  comjiarably  hypoglycemic  doses  tolbutamide,  chlor- 
lirojiamide  and  phenethylbiguanide  do  not  show  antithyroitl  activity. 

ri^IIE  administration  of  earhutamide  has  been  .shown  to  result  in  an 
X  increase  in  thyroid  weight,  a  decrea.se  in  radioiodide  uptake  and  deple¬ 
tion  of  glandular  iodine  stores  in  the  rat  thyroid  gland  (1,  2).  Its  mecha¬ 
nism  of  action  appears  to  he  .similar  to  that  of  propylthiouracil,  although  its 
potency  as  an  antithyroid  agent  in  the  rat  is  only  1  200th  as  great  (1). 
In  the  human,  earhutamide  also  produces  mild  hut  definite  antithyroid 
effects  (3,  4).  Tolbutamide  and  chlorpropamide,  which  are  clo.sely  related 
cliemically  to  earhutamide,  induce  slight  and  transient  antithyroid  effects 
in  the  human  (4,  o),  hut  during  long-term  administration  to  diabetic 
patients,  no  instances  of  the  production  of  hypothyroidi.sm  or  goiter  have 
as  yet  been  reported.  Metahexamide  admini.stration  has  resulted  in  no 
change  in  measures  of  thyroid  function  in  the  human  (0). 

In  view  of  the  definite  antithyroid  activity  of  earhutamide  in  the  rat, 
it  appeared  of  interest  to  determine  if  other  hypoglycemic  agents  shared 
thi  property.  In  the  pre.sent  study,  tolbutamide,  chlorpropamide,  meta- 
hex  imide,  and  phenethylbiguanide  were  examined  for  their  effects  on  the 
th}  I'oid  gland  of  the  rat. 
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MATERIALS  AND  METHODS 

In  the  first  experimt'nt  immature  SpruKUo-Dawloy  rats  weiKhinK  100-120  gm.  were 
changed  from  Purina  chow  to  the  synthetic  low  iodine  diet  of  VanderLaan  and  ('apian 
(7).  C'hemical  agents  were  ground  in  a  mortar  with  a  small  quantity  of  the  diet  and 
mechanically  mixed  into  the  diet.  Rats  were  divided  into  groups  of  six  or  seven  and  fed 
a  designated  diet  mi  libitum  for  ten  days  as  listed  in  Table  1.  The  (piantity  of  diet  con¬ 
sumed  was  not  measured.  The  estimated  food  intake  is  in  the  order  of  10  grams  ])er  rat 
per  day,  or  less.  Using  this  figuri'  as  a  basis  for  ealculation,  the  do.sage  of  drugs  used,  in 
terms  of  mg.  kg.,  day  was  equal  to  or  less  than  the  following;  .05%  =  50  mg.  kg.  day; 
.1%  =  100  mg.  kg.,  day;  .125%  =  125  mg.  kg., 'day;  .25%  =  2,50  mg.  kg.  day;  .5‘  , 
=  500  mg.  kg.,  (lay;  1..5%  =  1,.500  mg.,  kg.  day;  2..5%  =  2,,500  mg.  kg. day. 

For  estimation  of  thyroid  uptake  of  I'^‘,  aitproximatelj-  4  microcuries  of  1'^'  were  in¬ 
jected  intrapt'ritoneally  on  the  ninth  day  of  the  diet,  twenty  hours  prior  to  death.  Rat> 

T.\BI.K  1.  KkFECTS  <»N  THVROII)  KI  NCTION  OK  IIVl’OOI.YCEMIC  .XOENTS  KEI) 

TO  R.XTS  IX  .\N  «(/  lib.  DIET 


Diet 

No. 

Sex 

Body 

weight, 

gm. 

P 

Thyroid 

weight, 

mg. 

H 

Thyroid 
mg, 
100  gm. 
thyroid 
weight 

uptake 
%  of  admin¬ 
istered  dost* 

P 

Control 

7 

M 

124.6±4.2* 

6.91*± 

± 

46.87 

16.8±  1.5* 

('hlorpropaniidt* 

0.25<;i 

7 

■M 

113. 0  +  2. 3 

<.05 

7.8.31  .44 

NS 

23.35 

22.4  +  1.0 

<.05 

7 

.M 

111.7±3.0 

<.05 

8.601  ..56 

<.02 

22.53 

25.611.8 

<01 

0.05*1 

M 

126.6±4.1 

NS** 

0.501  .48 

<.(Hn 

17.42 

23.513.3 

NS 

l^henethvlbigiianide 

0.5% 

6 

.M 

80.813.8 

<.01 

4.711  .26 

<.(HU 

40.56 

24.211.0 

<01 

0.25% 

6 

.M 

05.713.7 

<.01 

5.731  ..50 

NS 

50.07 

28.612.6 

<.ol 

0.1% 

6 

M 

03.216.1 

<.01 

6.(H)+  .12 

<.02 

35.71 

26.712.6 

<.01 

Metahexamide 

0.25% 

6 

■M 

05.715.3 

<.01 

6.521  ..30 

NS 

18.08 

10.412.1 

NS 

0.125% 

6 

M 

104.813.4 

<.01 

6.101  .45 

NS 

23.40 

22.712.7 

NS 

0.05% 

6 

M 

114.611.8 

NS 

6.451  .51 

NS 

24.20 

20.313.2 

<.01 

C  ontrol 

8 

K 

08  13.5 

6.171  .24 

- 

.33.16 

15.811.1 

Carbutamide  0.5% 

7 

E 

02.014.6 

NS 

14.7511.32 

<.(K)1 

3.05 

5.1212.1 

<01 

Tolbutamide 

2.5% 

7 

K 

86.013.1 

<.05 

5.061  .14 

NS 

:I6.17 

21.911.4 

<01 

1.25% 

7 

F 

!H>.413.2 

NS 

5.671  .25 

NS 

40.40 

24.8  +  4.5 

NS 

0.5% 

7 

F 

101.7  +  3.1 

NS 

6.531  .37 

NS 

32.80 

20.412.0 

NS 

*  Mean  ±  Standard  Krror  of  the  Mean. 
**  NS*P>.05. 


were  killed  with  chloroform  and  the  thyroid  glands  were  rmnoved,  weiglunl,  and  counted. 
The  thyroid  I'*’  content  was  determined  on  the  jiooled  thyroid  glands  of  each  group  Ity 
the  alkaline  ash  method  of  Barker  et  al.  (8). 

The  rats  list'd  in  the  second  experiment  were  tube  fed  with  calorically  equal  feedings 
of  a  synthetic  diet  modifit'd  from  that  of  Whitney  and  Roberts  (9),  containing  apimixi- 
mately  20%  protein,  20%  fat,  and  60%  carbohydrate  by  weight.  .\11  animals  were  I  d  4 
cc.  twice  daily  for  three  days  and  then  5  ce.  twice  daily  for  the  remainder  of  the  exi  i'ri- 
ment.  Two  and  one-half  jier  cent  solutions  of  metahexamide  and  chlorpropamide  vcrc 
made  up  in  0.05X  XaOH.  .Vn  0.75%  atiueous  solution  of  iiheiiethylbiguanide  and  a  '5% 
atjueous  solution  of  the  sodium  salt  of  tolbutamide  were  jirepared,  and  jiropylthioi  acil 
was  made  up  in  0.05%  aqueous  solution  with  ^  drop  of  Twi'en-80  per  20  ml.  One  ha  nil. 
of  each  of  the  above  solutions  was  injected  subcutaneously  twice  daily  at  8:00  and 
5:00  P.M.  providing  a  total  daily  dose  averaging  250  mg.  per  kg.  of  chlorprojiamid  and 
metahexamide,  75  mg.  per  kg.  of  phenethylbiguanide,  1,500  mg.  per  kg.  of  tolbuta  lidc. 
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iiid  5  mg.  JMT  kg.  of  j)r()i)ylthiouracil.  Those  dosages  were  determined  as  j)rodnetive  of 
iiaximal  hypoglyeemie  action  in  tin*  range  believ('d  to  he  suhlethal  as  suggested  by  the 
vork  of  I'ngar  et  nl.  (10)  and  Root  ct  ah  (11).  was  administered  as  in  the  first  experi- 
aent  on  the  tenth  day  of  the  fliet  and  1*®'  and  F-’  determinations  were  i)erformed  in  tlie 
line  manner  exeej)t  that  individual  assays  for  I'-’  content  were  performed  on  the  total 
iiyroid  gland  of  each  animal.  Six  rats  were  included  in  each  group  initially,  hut  a  few 
eaths  occurred  early  in  the  tulx'-feeding  rt'gimen,  all  due  directly  to  feeding  accidents. 


RESULTS 

The  results  of  Experiment  1,  in  wliieh  tlie  drugs  were  administered  by 
(.(/  lib.  feeding,  are  given  in  Table  1.  Carbutamide  at  a  dietary  eoneentra- 
tion  of  0..5%  led  to  the  expected  decrea.ses  in  thyroid  I'®'  uptake  and  I‘-‘ 


Tabi.k  2.  Effects  ox  thyroid  fi  nctiox  of  hyi’ooi.ycemic  ac.exts  ad¬ 
ministered  SCBCCTANEorSLY  TO  TCBE-FED  RATS 


UriiK 

No. 

Weight  gain, 
gm. 

p  Thyroid 

weight,  mg. 

Thyroid 

P  iiig.  100  gm. 

thyroid  weight 

I> 

tiptake 
%  of  admin¬ 
istered  dose 

P 

(’■ntrol 

6 

27..'j±2.2* 

—  6.68±  .6.5* 

—  .56.6  +  2.28* 

- 

5.45±  .55* 

- 

('hlorpropamidc 

25<i  ing.  Kg.  d. 

.3 

22.7  +  3.5 

NS»*  6.14±  .42 

NS  44.7  +3.13 

<.01 

7.03 ± .70 

NS 

Plii'iiethylbiRiianidc 
^  iiiR.  kg./d 

.■> 

28.0+1.7 

NS  6.04+  .26 

N'S  53.0  +6.61 

NS 

6.11 ± .40 

NS 

MrtalK‘xamid«* 

25P  mg.  kg,/d. 

6 

23.7 ±  .7 

N'S  6,82±  ..52 

NS  28.3  ±1.04 

<.(M)1 

3.88 ±  ..38 

<.01 

Tuihutainidt* 

15fH)  mg.  kg.  d 

6 

26.5±2.6 

N.S  6..55±  .33 

NS  34.6  ±2.60 

<.001 

5.05±  .64 

NS 

Piopylthiouracil 
:>  mg  kg.  d. 

5 

30.8±1.5 

N'S  26, 04  ±1.07 

<.(M)1  0.37  ±  .04 

<.(K)1 

0.80 ± .04 

<.01 

*  Moan  ±  Standard  Error  of  the  Mean. 

*♦  Ns=P>.0.5. 

concentration  and  the  expected  increase  in  thyroid  weight.  However,  sig¬ 
nificant  increases  over  that  of  the  controls  were  observed  in  thyroid  I'-*' 
uptake  of  rats  inge.sting  various  dosage  levels  of  chlorpropamide,  phen- 
ethylbiguanide,  metahexamide  and  tolbutamide.  The  stimulation  of  I'*' 
uptake  was  generally  correlated  with  failure  to  gain  weight  and  an  un¬ 
healthy  appearance  of  the  rats.  Thyroid  I‘-‘  concentration  was  signifi¬ 
cantly  reduced  by  all  three  dosage  levels  of  chlorpropamide  and  meta¬ 
hexamide.  Alterations  in  thyroid  weight  were  minimal  in  all  groups. 

The  results  of  Experiment  1  .sugge.sted  that  food  intake  and  therefore 
the  dose  of  drug  may  have  varied  among  the  different  experimental  groups. 
.\crordingly,  in  Experiment  2,  food  intake  was  held  constant  by  efjual 
tul-e  feedings  and  drugs  were  administered  subcutaneously  in  large  doses. 
(Irniips  of  rats  were  matched  for  average  body  weight  prior  to  the  start 
of  he  experiment.  Under  these  conditions,  body  weight  gain  was  equal 
in  ill  groups  and  no  significant  increases  in  thyroidal  P'**  uptake  were 
noti*d  (Table  2).  On  the  other  hand,  propylthiouracil  in  a  daily  do.se  of 
0..5  mg.  per  rat  produced  a  marked  fall  in  P*'  uptake;  metahexamide 
cau'ed  a  le.sser  but  .significant  fall.  Only  propylthiouracil  led  to  significant 
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increase  in  thyroid  weight.  However,  metahexamide  and  tolbutamide 
caused  significant  depletion  of  thyroidal  iodine  concentration,  although 
not  to  as  great  an  extent  as  propylthiouracil. 

DISCUSSION 

The  predictable  effects  of  a  goitrogen  on  the  parameters  of  thyroid 
function  which  we  examined  are  a  decrease  in  the  20-hour  I'®'  uptake,  an 
increase  in  thyroid  weight  and  a  decrea.se  in  the  thyroid  P-'  concentration. 
Such  a  pattern  was  clearly  .seen  when  propylthiouracil  or  carbutamide 
were  administered.  In  Experiment  1,  other  oral  hypoglycemic  agent.^ 
appeared  to  be  a.ssociated  with  decrea.ses  in  thyroid  I'-‘  concentration. 
However,  P*'  uptake  was  increased,  body  weights  were  subnormal  and 
the  animals  appeared  ill.  It  is  .suggested  that  this  response  may  have  been 
due  largely  to  the  toxicity  of  the  drugs  with  resultant  decrease  in  dietary 

Table  A  comparison-  of  the  sic.mficant  effects  (at  the  5%  level)  on  thyroid  fi  nc- 

TION  OF  SIMILAR  DOSES  OF  THE  HYPOGLYCEMIC  AGENTS  ADMINISTERED 
ORALLY  ad  Uh.  WITH  A  LOW  n»DINE  INTAKE  AND  GIVEN  SCBCCTANE- 
OCSLY  WITH  A  NORMAL  IODINE  INTAKE  AND  FORCED  FEEDING 


DruK 

Route 

Dose 

Dietary 

Body 

Thyroid 

Thyroid 

Thyroid  D" 

(tiifi.  kg.  d.)  iodine 

weight 

weight 

content 

uptake 

Chlorpropamide 

Oral 

250 

Decreased 

Decreased 

No  C'hange 

Decreasc'd 

Increased 

Siilx’utaneous 

250 

No  C'hange 

No  Change 

No  Change 

Decreased 

No  C’hangD 

Phenet  hy  Ibieiianide 

Oral 

100 

Decreased 

Decreased 

Decreased 

Decrea8(*d 

Increased 

Subriitaneous 

75 

No  Change 

No  Change 

No  Change 

No  Change 

No  ('hangD 

Metahexamide 

Oral 

250 

Decreased 

Decreased 

No  ('hange 

Deere  a8(‘d 

No  Change 

Subcutaneous 

250 

No  Change 

No  Change 

No  Change 

Dt^creased 

Decreased 

Tolbutamide 

Oral 

1,250 

Decreased 

No  Cliange 

No  ('hange 

No  Change 

No  ('hangt' 

Subcutaneous 

1,5(H) 

No  Change 

No  Change 

No  Change 

Decreased 

No  Change 

P*’  intake,  which  would  be  critical  because  of  the  low  concentration  of 
iodine  in  the  diet.  The  lack  of  significantly  increased  thyroidal  P®'  uptake 
in  the  .2.5%  and  .12.5%  metahexamide  groups  may  be  explained  by  the 
mild  anti-thyroid  effect  demonstrated  for  this  drug  in  the  .second  expcii- 
ment.  That  the  majority  of  changes  noted  in  I'-xperiment  1  were  effected 
chiefly  by  the  decreased  iodine  intake  is  more  apparent  if  one  compaivs 
the  effects  of  similar  doses  of  these  drugs  in  the  two  experiments  as  in 
Table  8. 

In  Experiment  2,  on  the  other  hand,  intragastric  administration  of 
calorically  equal  and  nutritionally  adeipiate  feedings  resulted  in  healt  ly 
animals  of  normal  weight  despite  very  large  do.ses  of  the  various  agcn  s. 
In  this  experiment,  metahexamide  produced  both  depre.ssion  of  P®*  upt:  ;e 
and  depletion  of  P^'  content  and  thus  appeared  to  be  a  mild  antithyi  id 
agent,  although  not  goitrogenic  under  the  conditions  of  this  experinn  d. 
The  absence  of  an  increa.se  in  thyroid  weight  may  be  explained  by  the  f  ct 
that  this  mea.surement  is  a  le.ss  .sensitive  index  of  thyrotropin  action  t!  in 
are  the  P®‘  uptake  and  P"'  concentration  (12).  Another  possible  facto  is 
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he  antigoitrogenic  effect  of  increased  dietary  iodide  in  the  presence  of 
ntithyroid  drugs,  demonstrated  for  the  tiiiourea  group  by  Mcdinty  (13) 
nd  extended  to  carbutamide  in  previous  work  from  tliis  laboratory  (1). 
^'he  tul^e  feeding  administered  in  Experiment  2  contained  sufficient  iodine 
■)  result  in  a  thyroidal  !'**  uptake  in  control  animals  of  o.4%,  as  com- 
rared  to  10.8%  in  the  control  animals  ingesting  a  low  iodine  diet  in  Ex- 
l  eriment  1.  The  greater  I*-’  concentration  in  the  thyroid  glands  of  control 
1  its  in  Experiment  2  confirms  this  assumption.  On  the  other  hand,  the 
i  i crease  of  dietary  iodine  was  not  sufficient  to  obscure  the  highly  potent 
goitrogenic  action  of  propylthiouracil  under  the  same  experimental  condi¬ 
tions. 

Whereas  metahexamide  thus  appears  to  po.'^sess  mild  antithyroid  activ¬ 
ity,  tolbutamide  has  only  etjuivocal  effects,  phenethylbiguanide  has  none 
and  chlorpropamide  probably  has  none,  although  conclusions  regarding 
tlie  latter  drug  are  tentative  because  of  the  small  number  of  animals  sur¬ 
viving.  The  anti-thyroid  activity  of  carbutamide  is  confirmed  in  the  pres¬ 
ent  experiments;  in  comparably  hypoglycemic  doses  it 'appears  to  be  a 
far  more  potent  goitrogen  than  metahexamide  or  tolbutamide.  This  indi¬ 
cates  that  antithyroid  activity  of  members  of  this  group  of  agents  is  not 
coirelated  with  hypoglycemic  potency,  as  previously  suggested  by  Wren- 
shall  (2). 
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VASOPRESSIN  STLMULATIOX  OF  THE  ISOLATED 
ADRENAL  GLANDS:  NATURE  AND  MEC'HANISM 
OF  HYDRO(X)RTISONE  SE('RETION‘ 

JAMES  (;.  HILTON,  LOUIS  F.  SCIAN,®  COENHAAI)  I). 
WESTKKMANN,  JIRO  NAKANTT  and 
OSCAR  R.  KRUESI 

The  Deportment  of  Medicine,  St.  Luke’s  Hospital,  Xeie  York,  Xeiv  York 
ABSTRACT 

Bj-  moans  of  diroot  arterial  perfusion  of  the  adrcmal  glands  of  the  h\-pophy- 
seetomized  dog,  it  has  been  shown  that  synthetie  lysine,  arginine  and  ae(‘tyl 
arginine  vasopressins  stimulate  the  adnmal  eortex  direetly  to  seerete  hydro- 
eortisone.  Maximal  eortisol  seeretion  oeeurred  at  dose  ranges  of  100  to  400 
milliunits  per  minute,  with  minimal  aetivity  being  deteeted  with  values  as  low 
as  1  milliunit  per  minute  of  arginine  vasoi)n‘ssin.  At  maximal  dosages  the  re¬ 
sponse  was  eomparable  to  that  seen  following  1  unit  per  minute  of  ACTH. 
Pressor  aetivity  and  eortisol  stimulating  aetivity  were  demonstratrated  to  he 
independent  to  eaeh  other.  In  addition  similar  polype|)tides  such  as  oxytoein, 
insulin  and  glueagon  and  pressor  amines  sueh  as  ei)inephrine  and  noreinneijh- 
rine  did  not  show  any  eortisol  stimulating  aetivity. 

AC'TH  was  eonsistently  found  to  inerease  aldosterone  .seendion  when  per¬ 
fused  through  the  glands  of  hypophy.seetomized  animals. 

The  probable  role  of  arginine  vasopressin  as  a  faetor  in  the  stress  reaetion  is 
diseussed  as  well  as  its  postdated  ability  to  aetivate  adrenal  i)hosphorylas(‘. 

Recently  it  ha.s  been  propo.sed  that  va.sopressin,  formed  in  tlie  me¬ 
dian  eminence  of  the  ventral  hypothalamus,  may  be  responsible  for 
the  activation  of  the  adenohypophysis  and  the  relea.se  of  adrenocortico¬ 
tropic  hormone  (ACTH)  into  the  circulation  (1,  2,  3).  In  support  of  this 
hypothesis  is  the  finding;  that  pitre.ssin  increases  the  level  of  ACTH  in  the 
blood  (4),  the  fact  that  antidiuretic  hormone  (ADH)  is  relea.sed  into  the 
circulation  of  animals  exposed  to  noxious  stimuli  (1),  the  observ'ed  defect  in 
ACTH  relea.se  in  rats  with  diabetes  insipidus  due  to  hypothalamic  le.'^ions 
(o)  and  the  ri.se  in  blood  17-hydroxycorticoids  seen  following  the  adminis¬ 
tration  of  pitressin  or  purified  arginine  vasopressin  to  humans  (b,  7). 
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However,  it  has  been  shown  that  in  iiypopliysectomized  dogs  (S),  as  well 
as  in  hypophysectomized  rats  (9),  the  intravenous  injection  of  vasopressin 
•auses  a  rise  in  17-hydroxycorticoids  in  adrenal  venous  blood  and  a  deple- 
uon  of  adrenal  ascorbic  acid.  These  findings  definitely  show  an  extra pitui- 
ary  action  of  v’asopressin. 

I'.arly  in  1959  our  group  reported  preliminary  experiments  showing  that 
ynthetic  vasopressin,  when  injected  into  the  arterial  circuit  of  the  adrenal 
.lands  of  the  hypophysectomized  dog,  directly  stimulates  adrenal  cortical 
ecretion  (10,  11).  It  is  the  purpose  of  this  communication  to  report  the  re- 
iilts  of  this  work  in  cxtenso,  together  with  additional  experiments  designed 
lO  elucidate  the  mechanism  of  the  adrenocorticotropic  action  of  vasopres- 
.'in. 

METHODS 

Adult  inoiiKnd  dogs  were  anesthetiz(>(I  by  the  intravenous  administration  of  sodium 
|ientol)arbital.  Wlien  desired,  hypophyseetomy  by  the  trans-bueeal  apjiroaeli  of  MeC’lean 
il2)  was  performed,  generally  1-3  days  before  the  day  of  adrenal  perfusion. 

In  all  experiments,  the  adrenals  were  perfused  using  the  in  situ  teehnique  of  Hilton 
>l  nl.  (13).  In  this  preparation  arterial  heparinized  blood  obtained  from  donor  dogs  is 
l)umped  at  a  eonstant  rate  of  10  ml.  i)er  minute  into  the  arterial  eireuit  of  the  isolated 
ailrenal  glands  of  the  reeipient  animal.  .\t  the  commencement  of  the  i)ump  perfusion  the 
heart  of  the  recipient  animal  is  fibrillated,  and  the  glands  are  thus  perfused  entirely 
with  donor  blood  for  the  duration  of  the  experiment.  Side  arms  of  the  tubing  leading  into 
the  arterial  circuit  of  the  adrenal  glands  allow  for  eontinuous  blood  pn'.ssure  recording 
within  the  isolat(‘d  adrenal  pouch  pre|)aration  as  well  as  for  the  injection  or  infusion  of 
various  agents  (13). 

The  venous  outflow  from  the  adrenal  veins  was  eolleeted  in  iced  graduated  cylinders. 
In  none  of  the  experiments  was  any  of  the  venous  effluent  from  the  adrenals  allowed  to 
recirculate  or  return  to  the  recipient’s  general  eirculation.  Hydrocortisone  secretion  was 
calculated  from  the  measurement  of  the  venous  blood  flow  and  the  arteriovenous  dif¬ 
ference  of  hydrocortisone  eoncentration. 

.\fter  several  control  collections,  the  agents®  under  study  for  their  adrenocorticotropic 
activity  were  infused  via  a  side  arm  in  the  arterial  perfusing  eireuit  and  additional  collec¬ 
tions  were  obtained.  .\11  substances  were  dissolved  or  diluted  in  normal  saline  before 
infusion  into  the  glands.  Thej’  were  given  at  a  rate  of  1  ml.  min.  in  every  instaiua*. 

At  the  end  of  each  experiment,  an  injection  of  ACTH  (('pjohn  Corticotropin  Injec¬ 
tion,  commercial  i)reparation)  was  given  to  v(‘rify  adnmal  viability  and  to  eomparc'  the 
hydrocortisom*  seendion  rates  with  tin'  i)revious  infusion  jjeriods. 

It  should  be  emphasized  that  in  this  type  of  preparation  the  perfusing  blood  and 
infusc'd  materials  circulate  only  once  through  the  adrenals.  There  is  no  recirculation, 
and  the  glands  are  not  under  the  influence  of  other  endocrine  glands  or  organs  since 
they  are  perfused  directly  via  their  isolated  arterial  connections.  In  most  exi)eriments, 
previously  hypoj)hysectomized  donor  and  recipient  animals  wer('  used  so  that  then*  was 
no  endogenous  .\(’TH  i)resent.  I’nder  thes('  conditions,  control  hydrocortisone  secre¬ 
tion  rates  from  the  glands  wc're  low. 

Professor  Vincent  du  \  igneaud’s  laboratory  most  kindly  supplied  the  synthetic 
ly-  lu',  arginine,  and  acetyl  aiginine  vasoi)ressins  as  well  as  the  synthetic  oxytocin  used. 
l)i.  .Mary  .V.  Root  of  tin*  Lilly  Research  Laboratories  generously  donated  erystalline 
gin  agon. 
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TaULK  ].  IXCKKMKNT  IN  H VOKOCOKTISOXE  (^F)  SECKKTION  FKOM  ADKENAL 
VEIN'  FOLLOWING  ADMINISTRAFION  OF  LYSINE  VASOPRESSIN 
AS  COMPARED  WITH  THAT  FOLLOWING  AC'TH 


Expt. 

no. 

before  ACTH 

F  Hg/min. 

Lysine  Voiopressin 
dose  duration 

^  lig/min. 

ofter  ACTH ' 

AF  sg/min. 

2 

Voiopressin 

responsiveneu 

HYPOPHYSEOOMIZED 

1. 

0.3 

0. 22  u/min. 

10  min. 

0.7 

2.0 

35% 

2. 

0.3 

0.3  u/min. 

7  min. 

1.6 

3.5 

46% 

3. 

0.2 

0.3  u/min. 

7  min. 

3.3 

II. 0 

30% 

NON-HYPOPHYSECTOMIZED 

4. 

2.6 

0. 22  u/min. 

10  min. 

6.2 

8.1 

77% 

5. 

9.2 

0. 16  u/min. 

7  min. 

4.0 

2.3 

174% 

6. 

6.0 

0.2  u/min. 

7  min. 

2.4 

1.9 

126% 

I 


One  unit  per  minute  for  seven  minutes 


ofter  voiopressin 
after  ACTH 


100 


llytlrocortisoiu-  conccntratioMs  were  (lotcriniiicd  by  tlu*  inctlKHl  of  Peterson,  el  ol.  (IF. 
S|)eetroi)liotoinetri<‘  analysis  of  blood  samples  was  jierforined  usinji  a  Heekinan  1)1 
speetropliotoineter  and  eoinpared  to  that  of  samples  of  pnri'  liydroeortisone  aleohol/' 
Aldosterone  concentration  in  the  adrimal  venous  blood  was  measured  by  a  double'  isotope 
dilution  ti'chnicpie.”  Mc'thvlene  chloride  extracts  of  plasma  were  subjected  to  de'sei'iidiiis; 
paper  i)artition  ehromatosiraphy  usiiiK  the  ILish  Hi  system  (15).  and  the  resultant 
ehromatofjraphie  jiatti'm  was  compared  to  that  of  known  reference  standards. 

RESULTS 

^Experiments  leith  suntlietie  lijsine  vdsopressin 

Six  experinicMit.s  were  performed  and  are  .summarized  in  Table  1.  Because 
of  the  variability  in  responsivene.ss  of  the  adrenals  to  the  .standard  do.se  of 
ACTH  from  one  dop:  to  the  next,  we  have  tabulated  the  re.siilts  in  terms  of 
the  increment  (AF)  in  cortisol  secretion  occurrinp;  after  ACTH.  This  incre¬ 
ment  in  corti.sol  secretion  above  the  control  .secretion  rate  gives  a  measure 
of  the  maximal  responsivene.ss  or  .sensitivity  of  the  glands  in  each  dog  lo 
this  supramaximal  do.se  of  ACTH  of  1  unit  per  minute  for  seven  minuies'* 

*  We  ar('  grateful  to  J)r.  .John  M.  C'hemerdo  of  Merck,  .Sharpe  &  Dohmc  for  a  i  ii- 
erous  sui)ply  of  this  substance. 

"  We  are  indebted  to  Dr.  .lames  O.  Davis  of  the  National  Heart  Institute  for  t!  se 
determinations. 

’*  In  our  prejiaration  hydroc<»rtisone  .si'cretion  first  becomes  detectable  followim.  1.0 
me.  ACTH  and  becomes  maximal  at  10  mu.  All  injecti.)ns  in  this  type  of  assay  \  re 
given  as  single  doses  of  1  ml.  each,  there  being  no  recirculation  of  the  ACTH  thn  uli 
the  glands  (10). 


I  io.  1.  I-xiMTiincnt  showiiifr  effect  of  lysiiit'  vasopressin  on  liydroeortisone  secretion. 
A.hvnal  glands  of  non-liyi)opliyseetoinized  dog  perfused  with  i)lood  from  a  liyi)opliy- 
sectomized  donor. 

1  lie  increment  in  cortisol  secretion  followinfj:  va.sopre.ssin  was  then  com¬ 
pared  with  that  following;  ACTII  and  expressed  as  a  percentage  of  the 
-U'd'H  respon.se.  As  .seen  in  Table  1,  the  amount  of  vasopressin  perfused 
into  the  arterial  circuit  of  the  glands  varied  from  O.Ki  u.  min.  to  O.d 
u.  min.  for  7  to  10  minutes.  There  did  not  appear  to  he  any  correlation  be¬ 
tween  these  small  difterences  in  do.se  and  the  magnitude  of  stimulatory 
effect  on  cortisol  secretion.  In  four  of  the  experiments  (Xos.  1-4),  the 
stimulation  of  corti.sol  secretion  was  less  than  that  following  ACTH,  and  in 
two  experiments  (Xos.  o  and  (i),  it  was  greater  than  that  following  adminis¬ 
tration  of  ACTII, 

Figure  1  depicts  the  complete  protocol  of  one  of  the.s(*  experiments  (Xo.  1, 
Table  1).  In  this  experiment,  a  non-hypophysectomized  recipient  animal 
was  iKM-fu.sed  with  blood  from  a  hypophy.sectomizcd  donor.  The  surgical 
stre-s  in  preparing  the  adrenal  glands  for  perfusion  evoked  maximal  endog¬ 
enous  ACTII  .secretion  so  that  even  though  pump  perfusion  with  ACTII- 
frec  l)lood  was  begun  2.")  minutes  before  zero  time  .seen  in  Figure  1,  the 
lands  were  still  secreting  at  a  high  rate.  C'ortisol  secretion  averaged  <S.S 
tig.  min.,  in  the  two  control  periods  before  va.sopre.ssin  administration.  Fol¬ 
low!  tg  va.sopre.ssin  there  was  an  increment  in  .secretion  of  (>.2  gg.  min.  to  a 
Icvc'  of  14.8  )ug.  min.  Thesse  higher  rates  of  cortisol  secretion  persisted  for  10 
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minutes  after  the  end  of  the  vasopressin  injection.  During  tlie  next  45  min¬ 
utes  cortisol  secretion  gradually  declined  to  a  low  of  2.6  /xg.  min.  under  th( 
influence  of  perfusion  with  the  .\CTH-free  blood.  When  exogenous  ACTli 
was  given  at  the  end  of  the  experiment,  there  was  an  increment  in  cortisol 
secretion  of  8.1  oibi.  to  a  level  of  10.7  mK-  min.  Thus,  although  tin 
total  cortisol  secretion  level  was  greatest  after  vasopressin,  the  incremeiii 
rise  after  ACTIl  indicated  greater  sensitivity  of  the  glands  to  ACTH. 

In  this  series  of  .synthetic  lysine  vasopressin  experiments,  mean  blood 


Fig.  2.  Kffcct  arniniii*'  va.so|)r(‘s.xiii.  .Vdrcnal  uliuids  of  liyiMiphyscctoinizcd  doji 
pcrfusc'd  with  blood  from  a  liypophyscctomizi'd  donor. 


pre.s.siire  in  the  adrenal  arterial  circuit  rose  an  average  of  27  mm.  Hg  wit  li  a 
range  of  8  to  41  mm.  Hg  during  administration  of  the  hormone.  There  vas 
no  pressor  activity  a.ssociated  with  ACTH  admini.stration. 

Experiments  with  spnthetie  arginine  vasopressin 

P'igure  2  depicts  a  typical  example  of  this  group  of  experiments.  Hoti  re¬ 
cipient  and  donor  animals  had  been  completely  hypophysectomized  mcl 
conseciuently  control  corti.sol  .secretion  rates  were  very  low,  averaging  le.s.s 
than  0.2  /xg.  min.  Following  the  injection  of  arginine  va.sopre.s.sin  0.4 
u.  min.  for  7  minutes)  directly  into  the  adrenal  arteries,  there  was  ma  ked 
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-  imiilation  of  cortisol  secretion  to  a  peak  of  4.2  jup:./min.  representing  an 
1  icrement  of  4.0  /xg.  min.  above  control.  Mean  blood  pressure  rose  an  aver¬ 
age  of  10  mm.  Hg.  Thirty  minutes  after  the  end  of  the  vasopre.ssin  injection 
(  a  ti.sol  .secretion  had  fallen  to  2.4  )ug.  min.  At  this  time  1  unit  per  minute  of 
CTH  was  injected  for  7  minutes  and  cortisol  secretion  rose  to  11. .4  mK-  niin. 

In  an  attempt  to  define  a  dosage-response  relationship,  eight  additional 
e  periments  were  performed  in  completely  hypophy.sectomized  animals. 
4  tiese  experiments  are  .summarized  in  Table  2,  which  is  similar  in  design  to 
'1  Able  1.  There  is  a  good  correlation  between  do.se  of  vasopre.ssin  and  re¬ 
sponse  of  the  glands. 


TaHLK  2.  IlLUSTUATING  KKKKCTS  (»K  GKADKI)  DOSKS  GF  ARGINIXK  VASOI'UKSSIX  (»X 
IXCRK.MKXT  OX  H YDROCORTISOXK  (AF)  SKCRKTIOX  IX  H YPOI’H YSKCTOMIZKI)  DOGS 


No.  exph. 
performed 

before  ACTH 
ov.  F  Hg/min. 

Arginine  Vasopressin 
dose  (u/min.  av.^  pg/min. 

ofter  ACTH  ^ 
ov.^P  Hg/mln, 

Vasopressin^ 

respor\slveness 

2 

<0.1 

0.001 

0.4 

3.1 

13% 

2 

<0.1 

0.01 

1.6 

4.1 

39% 

3 

<  0.1 

0.1 

2.5 

3.6 

69% 

2 

0.  IS 

0.4 

4.5 

3.8 

118% 

I 


All  doMi  9iv«n  over  7  minufo  period 


^  One  urtit  per  minute  for  7  minutes 


^  qv.AF  ofter  vosoprewln 
ov.  af»»r  XitH 


100 


In  two  additional  experiments  non-hypophysectornized  animals  were 
used.  Both  experiments  showed  high  rates  of  cortisol  .secretion  in  control 
periods  (7  gg.  min.  and  2.1  /xg.  min.  respectively),  and  in  both  experiments 
cortisol  .secretion  increased  following  the  injection  of  arginine  vasopressin 
(to  12  mK-  min.  and  4.4  gg.  min.  respectively). 

Since  in  all  experiments  thus  far  the  vasopressin  had  been  injected  only 
over  a  seven  minute  period  and  since  the  vasopressin  stimidatory  effect  had 
more  or  less  di.sappeared  within  20  minutes  after  the  end  of  the  injection,  it 
was  thought  of  interest  to  determine  the  effect  of  a  prolonged  infusion  of 
arginine  vasopre.ssin  on  cortisol  .secretion.  In  Figure  4  such  an  experiment  is 
shown  performed  in  a  hypophy.sectomized  preparation.  Despite  continua¬ 
tion  of  the  vasopre.ssin  infusion  (10  mu.  min.)  for  40  minutes,  the  cortisol 
•secretion  began  to  fall  back  to  control  levels  during  the  infusion.  This  is  in 
marked  contrast  to  the  prolonged  .stimulation  induced  by  ACTH  injected 
at  the  rate  of  1  unit  per  minute  for  2  minutes.  A  .similar  re.sult  was  ob- 
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tained  in  an  experiment  using  non-hypophysectomized  animals,  i.e.,  the 
vasopressin  stimulatory  effect  was  not  sustained  by  prolonged  infusion. 

Experiments  in  whieh  aldosterone  seeretion  was  studied 

Four  experiments  were  performed  and  are  summarized  in  Table  3.  It 
should  be  noted  that  in  three  of  the  experiments  there  was  definite  stimula¬ 
tion  of  aldosterone  secretion  following  ACTH.  In  Experiment  4  the  donor 
animal  was  found  to  have  a  small  remnant  of  pituitary  tissue  remaining 


Fig.  3.  Kffoct  of  thirty  minute  perfusion  of  arginine  vasopressin 
on  liydroeortisono  (F)  secretion  in  hypojrhyscctoniized  dog. 

after  bleeding.  Apparently  this  was  insufficient  to  produce  niaximal  corti-ol 
stimulation  in  the  perfused  adrenals  .since  there  was  a  further  rise  af  er 
va.sopressin  and  ACTH,  but  was  sufficient  to  maintain  .sustained  li  gli 
aldosterone  secretion. 

Lysine  va.sopressin  (Expts.  1  and  2)  although  showing  its  usual  stimi  a- 
tory  effect  on  cortisol  secretion,  was  without  effect  on  aldosterone  secret!  >n. 
On  the  other  hand,  acetyl  arginine  vasopre.ssin  showed  both  hydrocorti>  iie 
and  aldo.sterone  stimulating  activity  as  seen  in  Experiment  8,  Table  8.  T  lis 
compound  is  .synthesized  by  acetylation  of  the  free  amino  group  of  argiii  tie 
va.sopre.s.sin,  and,  on  a  molecular  weight  basis,  1.0  microgram  of  it  is  i> 
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p  )ximately  equivalent  to  0.4  units  of  arginine  vasopressin.  However,  in  ex- 
p  riments  3  and  4  there  was  no  pressor  activity  associated  with  tlie  ad- 
iii  iii.st ration  of  tlie  acetyl  arginine  vasopres.sion. 

K  iieriments  in  ichich  miscclln neons  compounds  were  studied 

It  was  considered  of  interest  to  see  whether  other  polypeptides,  similar  or 
(li'  dmilar  to  vasopre.ssin,  might  have  cortisol  stimulating  activity.  In  four 
cx  (criments  (two  with  hypophysectomized  and  two  with  non-hypophy- 
st'(  lomized  preparations),  sunthetie  oxptoein  in  a  dosage  ranging  from  10 

T.\  I.K  4.  IIVDKOCOKTISONK  (E)  AND  ALDOSTKKONK  SK.CUKTIONS  IN  /zG./mIN.  FOLLOWING 
INJKCTIONS  OF  VAKIOfS  SYNTIIKTIG  VASOFHKSSI NS.  .VCTII  GIVFN  AT  KNI) 

OF  KACII  KXI’FKI.MKNT  IN  DOSAGK  OF  1  UNIT  MIN.  FOR  7  MINS. 

ALL  ANIMALS  II YPOPIIYSKCTO.MIZKI)  KXUKl’T  AS  .NOTKl) 


Expi 

Votopreuin  <k»oge 
over  7  min.  period 

Qsntrol 

F 

oldoiterone 

after  Vosopreuin 

F  aldosterone 

of  ter  ACTH 

F  aldosterone 

lysine  0. 3  u/min. 

0.36 

0 

1.9 

0 

3.8 

0.015 

2. 

lysine  0.  3  u/min. 

0.6 

0.005 

3.5 

0.008 

11.2 

0.029 

3. 

acetyl  orginine 
l4.3Hg/min. 

0.6 

0.01 

6.5 

0.045 

6.0 

0.057 

4.  • 

acetyl  orginine 

28.6  Hg/min. 

4.3 

0.163 

II. 0 

0.141 

10.2 

0.132 

*  Donor  onimol  IncompUtoly  hypophysectomized 
of  time  of  bleeding. 


units/min.  for  one  minute  to  1.4  units  min.  for  seven  minutes  had  no  activ¬ 
ity.  \t  these  high  doses  we  did  note,  however,  pressor  activity. 

In  two  experiments  with  hypophysectomized  and  in  three  experiments 
with  non-hyophy.sectomized  animals  insulin  in  a  dosage  of  1  unit  min.  to 
SO  units  min.  for  1  to  10  minutes  had  no  effect  on  mean  blood  pressure  or 
cortisol  secretion. 

(llucagon  in  ()  hypophy.sectomized  and  14  non-hypophysectomized  prep¬ 
arations  had  no  effect  either  on  cortisol  secretion  or  on  mean  blood  pres¬ 
sure.  Do.sages  u.sed  ranged  from  0.01  mg.  min.  to  1.0  mg. /  min.  for  1  to  88 
minutes. 

Finally,  norepinephrine  (4  )ug.  min.  for  7  minutes)  and  epinephrine  (2 
Mg.  min.  for  7  minutes)  had  no  effect  on  cortisol  .secretion.  The  former  com¬ 
pound  did,  howev’er,  cause  a  mean  blood  pressure  rise  of  14  mm.  Ilg  in  the 
perfused  adrenals. 

3'.  )'  adenosine  monophosphate  (8', 5^  AMP)  has  been  shown  to  have  po¬ 
tent  adrenocorticotropic  activity  (17,  18).  Arginine  vasopressin  was  in- 
jecte  1  into  an  adrenal  gland  preparation  being  perfused  with  8', 5'  AMP  at 
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AMP  0.1  mGM/MIN. 


VASOPRESSIN  VASOPRESSIN  ACTH 

lOOmU/MIN.  lOOmU/MIN.  25U/MIN. 

Fig.  4.  Hyilrocortisone  .stinmlatory  activity  of  3', 5’  adenosine  inono|)hos|)hat(*  compared 
witli  that  of  arf^inine  vasopri'ssin  and  ACTH  in  hypoiihysectomized  doK. 

0.1  mg.  min.  The  cortisol  stimulatory  activity  of  AMP  is  illustrated  in 
Figure  4.  Following  each  injection  of  arginine  vasopre.ssin  (100  mu. /min. 
for  7  minutes)  there  was  a  transient  increment  in  cortisol  .secretion  of  2.1 
jug.  min.  and  1.1  mK-  niin.  respectively.  Immediately  upon  cessation  of  the 
'.V,o  AMP  infusion  cortisol  secretion  fell  to  basal  levels. 

DISCUSSION* 

In  lOotS  Hoyce  and  Sayers  (9)  demonstrated  that  vasopre.s.sin  had  an 
.VCTII-like  activity  in  the  hypophy.sectomized  rat.  They  .suggested  that 
vasopressin  might  directly  stimulate  the  adrenal  cortex  hut  did  not  pnr.sue 
this  further.  In.stead,  they  proposed  that  it  released  ACTH  from  iion- 
adenohypophyseal  binding  sites.  It  would  appear  that  their  fir.st  sugge  stion 
was  correct.  Our  ob.servations  clearly  demonstrate  a  direct  cortisol  stimu¬ 
lating  action  of  .synthetic  lysine,  arginine  and  acetyl  arginine  va.sopn  'sins 
when  they  are  perfused  through  the  i.solated  adrenal  glands.  That  th  s  se¬ 
cretion  is  hydrocortisone  was  confirmed  by;  (1)  .spectrophotometric  .inal- 
ysis  of  the  plasma  Porter-Silber  chromogens  which  revealed  maxim:  i  ab¬ 
sorption  at  410  m/x,  .similar  to  that  of  hydrocortisone  alcohol,  and  (2)  laper 
chromatography  of  the  plasma  methylene  chloride  extracts  which  sho  eda 
motility  identical  to  hydrocortisone  alcohol  (RF  =  18). 
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Minimal  cortisol  stimulatory  efTects  of  arginine  vasopressin,  the  natu- 
r;  lly  occurring  form  in  dog  and  man,  were  noted  with  amounts  as  little  as 
0.  >2  mK-  (0.007  units)  infused  over  a  7  minute  period  (Table  2,  IjuS- =0.4 
u  its).  This  is  to  be  contrasted  with  tlie  2.0  /ng.  amount  of  arginine  vaso- 
p’  ‘ssin  needed  to  sliow  cortisol  stimulatory  activity  in  vitro  (19).  Maximal 
(>(  tisol  stimulation  occurred  in  our  preparation  at  arginine  vasopressin  dos- 
aj.  ‘s  ranging  between  100  and  400  mu.  min.  for  7  minutes.  With  these 
ai  lounts  secretion  of  cortisol  was  ecpial  to  or  greater  than  that  seen  after 
siii)ramaximal  doses  of  ACTll.  It  might  be  argued  that  such  vasopre.ssin 
dosages  are  unphysiological.  However,  appreciable  activity  was  seen  with 
toial  dosages  of  70  mu.  and  detectable  effects  were  noted  with  total  dosages 
of  7  mu.  In  one  experiment,  not  included  in  our  tabulated  data,  a  definite 
rc-ponse  was  seen  following  0.7  mu.  This  could  not  be  reproduced  in  addi¬ 
tional  experiments  and  we  concluded  that  with  such  small  amounts  deter- 
ioiation  of  the  vasopressin  may  have  occurred^  or  that  the  adrenal  glands  of 
these  preparations  were  less  sensitiv'e. 

It  would  appear  reasonable  to  a.scribe  a  role  to  arginine  vasopressin  in  the 
“stress  reaction.”  In  favor  of  this  hypothe.sis  is  the  work  of  McCann,  Fruit 
and  Fulford  (20)  who  showed  that  the  antidiuretic  action  of  electric  shock 
in  rats  could  be  .significantly  diminished  by  pretreatment  with  hydrocorti¬ 
sone.  Similar  neurohypophyseal  inhibition  in  hydrocortisone  treated 
animals  has  been  reported  by  de  Wied  and  Mirsky  (21).  Conversely,  in  ad¬ 
renal  in.sufficiency  increa.sed  quantities  of  circulating  ADII  have  been 
found  (22).  This  would  sugge.st  a  “feed-back”  mechanism  between  the  ad¬ 
renal  cortex  and  the  neurohypophysis.  Furthermore,  in  the  stresses  asso¬ 
ciated  with  acute  blood  lo.ss  (23)  and  with  ane.sthesia  (24)  vasopressin 
levels  in  the  blood  increase.  Also,  Frieden  and  Keller  (2o)  using  diabetes 
insipidus  dogs  found  them  to  be  more  sensitive  to  the  hypotensive  effects  of 
hemorrhage  than  normal  animals,  indicating  lo.ss  of  some  protective 
mechanism.  One  might  speculate  on  wliether  this  protective  effect  is  a  di¬ 
rect  effect  of  va.sopres.sin  or  whether  this  is  mediated  via  the  liberation  of 
adrenocortical  hormone. 

Recently  it  has  been  shown  that  as  little  as  2  mu.  of  arginine  vasopressin 
will  cause  a  maximal  release  of  ACTH  when  injected  directly  into  the  third 
ventricle  of  tlie  dog  (2(5).  Since  this  amount  is  much  less  than  the  7  mu. 
ne(‘ded  to  stimulate  minimal  corti.sol  .secretion  (Table  2)  in  our  prepara¬ 
tion,  it  would  appear  that  arginine  vasopressin  has  ACTll  releasing  activ¬ 
ity  as  well  as  a  direct  corti.sol  stimulatory  activity.  Therefore,  it  is  apparent 
thai  arginine  vasopres.sin  may  have  three  functions  in  salt  and  water 

Oiirc  (lilutc'd  witli  saline,  vasoi)ressin  is  very  unstable  with  most  of  its  cortisol 
still  iilatory  activity  being  lost  after  2  hours  at  room  temperatun*.  However,  jin'ssor 
act  .ity  under  these  conditions  is  ndained.  We  have  no  data  regarding  stability  of 
ant: diuretic  activitv. 
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homeostasis:  (1)  anti-diuretic  activity  (27),  (2)  ACTH  releasing  aetivit 
and  (3)  direct  stimulatory  activity  on  the  adrenal  cortex. 

The  cortisol  stimulatory  action  of  vasopressin  on  the  adrenal  cortex 
highly  specific.  It  was  not  seen  following  administration  of  other  polype)  - 
tides  such  as  oxytocin,  insulin  and  glucagon  or  pre.s.sor  amines  such  ;is 
norepinephrine  and  epinephrine.  We  have  not  had  the  opportunity  to  te-t 
the  corticotropin  releasing  factor  (CHF)  of  Schally  and  Cluillemin  (2s) 
which  does  not  have  cortisol  stimulatory  activity  when  tested  in  in  vitro 
incubation  systems  (19). 

Pressor  activity  in  the  adrenal  arterial  circuit  of  our  preparation  was  .seen 
following  admini.stration  of  both  lysine  and  arginine  vasopressins,  but  not 
with  acetyl  arginine  va.sopressin.  This  last  compound  has  no  pressor 
activity  in  the  .standard  rat  pre.s.sor  assay  method  and  also  blocks  tlic 
pre.ssor  action  of  arginine  vasopressin  in  that  as.say  (29).  Cortisol  .stimu¬ 
lating  activity  of  the  acetylated  derivative  was  identical  to  that  of  llic 
non-acetylated  compound  in  our  perfusion  preparation.  The.se  observa¬ 
tions  indicate  a  dissociation  between  the  pre.ssor  action  and  the  cortisol 
stimulatory  activity.  A  similar  di.s.sociation  in  slahilitij  of  these  two  effects 
was  .seen  with  arginine  vasopressin.® 

In  the  experiments  in  which  aldosterone  .secretion  was  .studied  (Table  A), 
.VC'TH  in  every  instance  cau.sed  highly  significant  increa.ses  in  .secretion. 
This  .VCTU  effect  has  been  observed  by  others  in  acute  experiments 
(30,  31)  but  cannot  be  reproduced  by  the  chronic  admini.stration  of  ACTll 
(32).  The  rea.sons  for  this  disparity  are  not  clear  but  may  lie  in  the  dithn- 
ences  in  methods  employed — the  acute  studies  having  been  done  directly 
on  adrenal  vein  blood  whereas  the  chronic  studies  were  done  on  24  hour 
urine  collections.  This  latter  technitiue  measures  only  excreted  hormone 
and  gives  no  direct  information  on  secretion  since  metaboli.sm  and  destruc¬ 
tion  of  the  aldosterone  cannot  be  as.se.s.sed. 

The  influence  of  the  po.sterior  pituitary  on  aldosterone  .secretions  lias 
not  been  thoroughly  evaluated  to  date.  In  vitro  incubation  of  rat  (33)  and 
beef  adrenal  slices  (34)  with  crude  extracts  of  po.sterior  pituitary  lobes  has 
revealed  stimulation  of  aldosterone,  hydrocortisone  and  corticosterone 
synthesis.  Stimulation  of  aldosterone  secretion  was  not  obtained  when 
commercial  pitressin  or  oxytocin  was  u.sed  (34).  The  validity  of  tli'se 
experiments  is  suspect  becau.se  ACTH  contamination  of  the  crude  extra -ts 
of  posterior  pituitary  could  not  be  excluded.  Furthermore,  when  puri!  t‘d 
products  of  pitre.ssin  or  vasopre.ssin  are  used  in  such  in  vitro  systems,  ’  he 
great  instability  of  the.se  preparations  (35)  might  account  for  loss  of  ah'  »s- 
terone  and  cortisol  stimulating  activity  originally  present. 

It  is  impos.sible  for  us  to  draw  any  definite  conclusions  regarding  lie 
effect  of  vasopressin  on  aldosterone  .secretion  from  our  data.  In  two  exp  ri- 
ments  ly.sine  vasopressin  produced  no  effect.  However,  the  re.sults  a  er 
acetyl  arginine  vasopressin  are  unclear  .since  there  appeared  to  be  S(  ne 
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al  lotropic  effect  in  one  experiment  Imt  not  in  the  second  (Table  3).  In 
til  s  latter  experiment  endof^enous  ACTH  was  present. 

rurnins  to  a  consideration  of  the  mechanism  of  the  cortisol  stimulatory 
eL  cts  of  vasopressin  we  notice  one  outstanding  difference  between  it  and 
til  action  of  ACTH.  ACTH  causes  continuous  stimulation  of  hydrocor- 
tb  me  secretion  during  prolonged  perfusion  of  the  adrenal  glands  (13) 
\vl  'leas  vasopre.ssin  under  the  same  conditions  produces  tran.sient  stimu- 
lai  on  (Fig.  3).  It  is  unlikely  that  the  transient  effect  of  vasopressin  is 
(hr  to  the  release  of  small  amounts  of  bound  ACTH  from  the  adrenal 
ghiiids.  Although  an  un.sustained  respon.se  is  consi.stent  with  single  small 
do  cs  of  ACTH  (Ki),  the  animals  in  several  experiments  had  been  hypoph- 
ys(  ctomized  days  before  perfusion  and  it  is  doubtful  that  any  ACTH 
remained  in  the  adrenal  ti.s.sue.  In  addition,  vasopressin  often  cau.sed 
greater  secretion  than  supramaximal  doses  of  ACTH.  Finally,  there  is  no 
rea-on  to  assume  ACTH  binding  at  any  site,  nor  is  there  experimental 
evidence  indicating  such  binding. 

It  is  known  from  the  experiments  of  Haynes  (IS)  that  ACTH  causes 
the  accumulation  of  3',  o'  adenosine  monophosphate  (3', o'  AMP)  in  beef 
adri'iial  cortex  incubates  and  that  this  in  turn  stimulates  adrenal  phos- 
pliorylase  production.  Haynes,  Koritz  and  Peron  (17)  have  also  shown  that 
3',.V  .\MP  added  to  rat  adrenals  incubated  in  vitro  elicits  a  response  in 
corticosteroid  production  equal  to  or  greater  than  that  produced  by 
ril.  This  is  analogous  to  the  finding  of  Sutherland  and  Hall  (3(1)  that 
epiiiephine  and  glucagon  cau.se  a  selective  increase  in  the  production  of 
3',.V  AMP  in  liver  slices  arul  con.sequent  stimulation  of  liver  phosphoryla.se 
activity  re.sulting  in  glycogenoly.sis. 

hen  3', o'  AMP  is  perfu.sed  through  the  intact  adrenal  glands  (Fig.  4), 
corti.sol  .secretion  is  enhanced  in  a  manner  identical  to  that  seen  after 
ACTH  and  adds  .support  to  the  theory  (17)  that  cortico.steroid  synthesis 
is  mediated  by  stimulation  of  adrenal  phosphoryla.se  production.  Since  the 
effect  of  va.sopre.ssin  on  cortisol  secretion  is  relatively  short-lived  compared 
to  that  of  3'o'  AMP  and  ACTH,  it  is  conceivable  that  vasopre.ssin  acts 
in  some  manner  to  activate  adrenal  phosphoryla.se  rather  than  actually 
stimulating  its  production.  It  is  of  interest  that  posterior  pituitary  extract 
has  heen  found  to  show  liver  glycogen  depleting  aliility  (37).  Recently  it 
has  been  demonstrated  that  .synthetic  ly.sine  vasopre.ssin  causes  increa.sed 
secretion  of  glucose  in  the  perfused  dog  liver  preparation  in  a  manner 
.similar  to  that  .seen  after  glucagon  (38).  This  would  suggest  that  va.so- 
pres'«in  can  stimulate  liver  phosphorylase  as  well  as  adrenal  phosphorylase. 
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ABSTRACT 

Serum  cholestiTul  of  i)if!;(‘ous  undiTgoes  a  seuf^onal  cycle  in  couccntration 
with  maximal  values  ])reseut  iu  April  and  minimal  values  in  August.  Xo  sex 
differences  were  ai)parent  and  both  sexes  exhibited  this  yearly  fluctuation  in 
cholesterol  concentration.  Tlu'se  seasonal  changes  occurrc'd  even  when  only 
males  showing  histological  evidence  of  s])ermatogenesis  were  considered.  The 
suggestion  is  made  that  perhai)s  serum  cholesterol  is  not  regulated  by  the  sex 
steroids  in  this  species. 

Cholesterol  concentration  is  high  in  the  small  undeveloped  testis  and  declines 
rapidly  when  gonad  development  starts.  This  concentration  is  invers(‘ly 
proj)ortional  to  the  logarithm  of  relative  testis  weight.  The  logarithm  of 
cholesterol  content  of  the  testis  is  directly  related  to  the  logarithm  of  testis 
weight.  The  data  suggest  that  testicular  choh'sterol  is  involv(‘d  in  gonad 
growth  and  increased  mass. 

The  functional  significance  of  cholesterol  in  male  gonads  has  never 
been  clearly  elucidated.  Several  investigators  have  demonstrated,  by 
histochemical  means,  that  cholesterol  is  usually  localized  in  the  interstitial 
cells  and  have  suggested  that  this  compound  might  function  as  a  precursor 
for  androgenic  hormones  (1,  2).  Hecently  however,  Pearlman  {‘A,  4)  showed, 
with  refined  hi.stochemical  and  chemical  technitpies,  that  the  amount  of 
cholesterol  in  the  interstitial  cells  of  rat  testis  was  small  compared  to  that 
found  in  the  tubules  and  .sugge.sted  that  this  compound  was  probably  more 
intimately  as.sociated  with  spermatogene.sis.  Information  regarding  the 
influence  of  gonadal  hormones  on  serum  cholesterol  has  likewise  been 
controversial  (o). 

Not  much  is  known  concerning  gonad  or  .serum  cholesterol  in  the  bird  or 
the  factors  affecting  it.  General  agreement  exists  that,  under  most  condi¬ 
tions,  estrogens  tend  to  increase  avian  serum  cholesterol  ((),  7,  8),  while 
androgens  either  have  no  effect  (7,  8),  or  protect  the  bird  against  experi¬ 
mentally-induced  hypercholesteremia  (9). 

Since  birds  are  primarily  .seasonal  breeders,  it  appeared  logical  that  .serum 
cholesterol  would  show  considerable  yearly  fluctuations  in  relation  to 
cha'iges  in  .sexual  activity  and  likewise  .show  a  considerable  difference  be- 
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tween  sexes  such  as  is  found  in  rats  (5,  10).  Additional  insight  into  t  le 
functional  significance  of  gonad  cholesterol  might  be  obtained  bj’  measuri  ig 
this  organic  constituent  in  testes  showing  different  stages  of  sexual  deveh  [> 
ment  and  regression. 

This  report  presents  data  concerning  seasonal  changes  in  serum  and 
gonad  cholesterol  for  both  male  and  female  pigeons.  While  this  species 
should  not  be  strictly  considered  as  a  seasonal  breeder,  individuals  do  un¬ 
dergo  a  yearly  cycle  of  sexual  development  and  regression. 

MATERIALS  AND  METHODS 

A  total  of  220  ijigc'ons  sui)i)lU‘(l  the  data  for  this  report.  At  least  14  birds  were  ^ac- 
rifieed  during  each  month.  Tin*  birds  were  obtained  from  local  suppliers  and  held  for 
variable  lengths  of  time  in  a  large*  outdoor  enclosure  with  access  to  an  indoor  loft.  \o 
special  diet  or  feeding  regimen  was  emjjloyed. 

Blood  was  withdrawn  from  the  wing  veins  and  serum  cholesterol  was  measured 
colorimetrically  according  to  the  method  of  Zlatkis  et  al.  (11).  The  following  day,  the 
birds  were  killed  with  ether  and  the  gonads  removed  and  weighed  individually  to  the 
nearest  milligram.  The  ovaries  of  the  females  were  not  weighed  but,  rather,  relative 
develoj)ment  was  determined  by  measuring  the  largest  diameter  of  the  largest  follicle. 
Clonad  cholesterol  was  determined  by  the  procedure  described  by  Knobil  et  al.  (12)  for 
analysis  of  the  adrenal  gland. 

Mean  gonad  and  serum  cholest(‘rol  values  were  obtained  for  each  month  and  sex, 
and  standard  errors  of  the  means  were  calculated  by  the  method  of  Tipjret  (13).  Samjilcs 
of  all  testes  were  fixed,  sectioiH‘d  and  stained  for  microscoirie  examination  of  the  stage 
of  spermatogenic  activity. 


RESULTS 

.\  wide  variation  between  individual  serum  cholesterol  values  appears  to 
be  characteristic  of  the  pigeon  and  con.sequently  large  standard  errors  of 
the  means  are  the  rule. 

Serum  cholesterol  of  both  the  male  and  female  pigeon  showed  a  char¬ 
acteristic  seasonal  fluctuation  in  amount.  Maximal  values  were  found  in 
the  spring  months  of  March,  April  and  May  and  minimal  values  wen*  ob¬ 
tained  in  .July  and  Augu.st  (Table  1).  Intere.stingly  enough,  no  significant 
difference  in  .serum  cholesterol  was  apparent  between  males  and  females. 
Con.sequently,  when  the  values  of  both  sexes  were  combined  and  ploited, 
maximal  serum  concentration  occurred  in  April  and  the  minimum  in  Au¬ 
gust  (Fig.  1). 

It  is  pertinent  that  active  .spermatogenesis  was  found  in  .some  birds  in  all 
months  of  the  year  except  during  December  when  spermatids  were  h  und 
to  be  the  most  advanced  stage  of  development.  On  the  other  ham'  all 
males  examined  in  March  and  April  showed  active  spermatogene.sis  vith 
abundant  sperm  in  the  tubules.  The  presence  of  sexually  active  males  ’  n  all 
or  most  of  the  months  is  not  surprising  since  some  fertile  eggs  have  'cen 
found  in  Baltimore  nesting  sites  throughout  the  year  (14). 

Xo  correlation  was  found  between  gonad  dev'elopment  or  weight  and 
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.Month 

Males, 

No.  birds 

Cholesterol 
(nig./ 100  ml. 
serum  ±S.E.) 

Females, 
No.  birds 

Cholesterol 
(mg./ lot)  ml. 
serum  ±S.E.) 

Oct. 

11 

242  ±17 

4 

248  ±  17 

Nov. 

14 

202+  8 

0 

2.53  ±  17 

Dec. 

S 

323  ±21 

12 

314  ±22 

.Ian. 

18 

312  ±11 

7 

312  ±18 

Feb. 

17 

407  +22 

0 

403  +34 

.Mar. 

Hi 

300  +  14 

b 

401  ±44 

.\pr. 

8 

402  +  02 

!» 

455  ±.50 

.May 

1) 

418  ±20 

455  ±30 

.Innc 

12 

3.'i0  +  12 

4 

355+20 

.Inly 

7 

217  ±  10 

•1 

227  +  0 

Ang. 

8 

220  ±  1 1 

7 

182  ±  15 

Sep. 

8 

207  ±  8 

8 

201  ±  7 

c.il 

13(» 

84 

!■  Ill 

320 

327 

serum  eliolesterol.  All  birds  showing  histological  evidence  of  sperniato- 
ptenesis  presented  as  much  variation  in  serum  cholesterol  concentration  as 
those  showing  sexual  inactivity.  Both  groups  also  showed  similar  seasonal 
changes  in  .serum  concentration.  Likewise,  within  .single  months  or  groups 
of  months,  no  significant  difference  was  found  in  .serum  concentration  be¬ 
tween  females  having  ovaries  with  follicles  under  2.0  mm.,  over  4.0  mm. 
or  between. 


J  FMAMJJ  ASOND 
TIME  -  MONTHS 

Fig.  !.  Monthly  changes  in  serum  cholesterol  of  male  and  female  pigeons.  Mean  +8.E 
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When  the  concentration  of  testis  cholesterol  is  plotted  as  a  function  of 
relative  testis  weight  (Fig.  2),  highest  values  are  found  in  the  extremely 
small  undeveloped  gonads.  As  sexual  stimulation  commences  however,  this 
high  concentration  immediately  falls  at  a  rate  out  of  proportion  to  the  in¬ 
crease  in  weight  or  spermatogenic  activity.  At  a  testis  weight  of  approxi¬ 
mately  100  mg.  100  gm.  body  weight,  this  rate  of  decline  in  concentration 
tapers  off  considerably  to  a  rather  flat  curve.  At  weights  above  300  100 
mg.  100  gm.  body  weight,  the  concentration  varies  with  mean  value>  of 
approximately  0.80-0.40  mg.%. 

When  concentration  of  cholesterol  is  plotted  as  a  function  of  the  loga¬ 
rithm  of  the  relative  testes  weight,  a  linear  relationship  is  obtained  (Fig.  8). 
It  is  quite  apparent  that  as  testis  weight  (x)  increases  logarithmically,  the 
cholesterol  concentration  (y)  declines  according  to  the  following  relation¬ 
ship:  y  =  1.50  — 0.48  log  x,  with  a  correlation  coefficient  of  r=  —0.75. 

Sperm  were  found  in  testes  (both)  weighing  from  621  mg.  (142  mg.  100 
gm.  body  weight)  up  to  the  maximum  of  8150  mg.  (760  mg.,  100  gm.  body 
weight);  when  only  these  animals  showing  full  spermatogene.sis  were  on- 
sidered,  cholesterol  concentration  also  varied  according  to  the  cur\  ‘  in 
Figure  8. 

Total  cholesterol  (mg.)  present  in  both  gonads  showed  extreme  vari:  tion 
at  all  testes  weights  (mg.)  except  in  tho.se  totalling  200  mg.  or  unde  .  In 
this  weight  range,  the  variation  was  slight  and  the  total  amount  wa  di- 
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Fig.  3.  ('holc^tcrol  concentration  versus  relative  testis  weight  (log.). 


rectly  related  to  total  weight  ranging  from  approximately  0.25  mg.  in  testes 
weighing  50  mg.  to  1.5  mg.  in  testes  of  200  mg.  Thereafter,  the  direct  rela¬ 
tionship  did  not  hold.  When,  howev'er,  the  logarithm  of  total  cholesterol  is 
plotted  as  a  function  of  the  logarithm  of  the  total  te.stes  weight,  a  definite 
linear  relationship  is  apparent  (Fig.  4).  This  relationship  exists  according 
to  the  formula  for  a  straight  line  calculated  to  be:  Log  y=  -1.514-0.05 
log  X,  where  y  =  total  amount  of  cholesterol  and  x  =  total  testes  weight. 
The  correlation  coefficient  was  calculated  to  be:  r  =  0.72. 

Xo  differences  were  noted  between  .sexually  active  testes  at  different 
seasons  of  the  year.  It  is  interesting  that  in  some  birds,  the  two  testes  were 
(“onsulerably  different  in  weight,  size  and  histology.  However,  the  concen¬ 
tration  and  total  amount  of  chole.sterol  were  always  found  to  be  related  to 
the  testis  weight  according  to  the  curves  of  Figures  5  and  4.  This  would  sug- 
ge.st  diat  testis  cholesterol  is  independent  of  circulating  levels  of  androgenic 
or  pituitary  hormones;  rather,  it  changes  in  relation  to  growth  or  develop- 
mern. 
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DISCUSSION 

The  refjjulation  of  serum  cholesterol  is,  as  yet,  unknown,  A  gonadal  con¬ 
trol  has  been  postulated  in  birds  ((>,  7,  <S)  and  in  mammals  (5,  lo),  Imt 
controversy  exists  concerning  the  actual  effects  of  estrogens  and  androginis. 
Differences  exist,  depending  on  compound,  dose,  sex,  sexual  activity  and 
species  (10,  17).  In  view  of  this  uncertainty  plus  the  fact,  1.  that  both  male 
and  female  pigeons  show  similar  seasonal  changes  in  serum  cholesterol,  2. 
no  sex  differences  in  serum  cholesterol  were  found,  contrary  to  the  situation 
in  most  mammals  including  man  (o,  10,  IS),  3.  this  seasonal  fluctuation 
was  evident  even  when  only  males  showing  histological  evidence  of  active 
spermatogenesis  were  considered  and  4.  the  pigeon  is  not  a  purely  seasonal 
breeder,  permits  the  tentative  conclusion  that  perhaps  serum  cholesterol 
is  not  normally  regulated  by  the  sex  steroids  in  this  species. 

Other  factors  which  might  act  to  regulate  or  influence  serum  cholesterol 
would  include  the  thyroid  gland.  It  is  known  that  serum  cholesterol  lor- 
mally  declines  following  the  administration  of  thyroid  hormones  am  in¬ 
creases  in  the  hypothyroid  state  (10,  17).  The  thyroid  gland  of  both  n  ani¬ 
mals  and  birds  also  fluctuates  in  activity  throughout  the  season  u  ider 
changes  in  environmental  temperature  and  probably  other  factors  (lo  25). 
Information  is  available  that  thyroid  gland  activity  of  .some  birds  is  his.  best 
in  the  summer  months  in  association  with  parental  care  and  molting!  and 
lowest  in  late  winter  (2(),  27).  In  chickens,  highe.st  activity  is  foui  1  in 
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‘c'tober-November  and  lowest  in  February-March  (22).  Tlie.se  periods  of 
1  iwest  activity  nearly  coincide  with  the  highest  .serum  cholesterol  found  in 
;  lis  study  while  lowest  cholesterol  values  occurred  in  July-August  during 
t  ,e  normal  molting  period. 

Some  workers  have  demonstrated  a  depressant  effect  of  estrogens  on 
t  yroid  activity  (28,  29).  The  (luestion  is  raised,  therefore,  whether  estro- 
'iis  produce  an  indirect  increase  ((i,  7,  8)  in  serum  cholesterol  by  virtue  of 
thyroid  gland  involvement.  Further  experimentation  along  these  lines  is 
11- cessary.  In  the  absence  of  experimental  data  to  the  contrary,  the  data 
fi  1)111  pigeons  do  not  support  the  concept  of  gonadal  regulation  of  .serum 
cl'olesterol.  Rather  it  appears  more  probable  that  other  factors  including 
tlic  thyroid  gland  regulate  serum  cholesterol,  modified  perhaps  by  changing 
lev  els  of  gonadal  hormones. 

Due  to  the  variation  in  the  inactive  testis  weight,  a  decline  in  chole.sterol 
concentration  is  evident  before  a  real  increase  in  weight  or  development  is 
discernible.  Likewise,  the  cholesterol  content  shows  a  concurrent  increa.se 
with  testicular  development.  It  is  apparent  that  initial  stimulation  of  the 
male  pigeon  gonad  is  immediately  followed  by  a  rapid  and  dramatic  change 
in  cholesterol  metabolism  and  mobilization. 

Spermatogenesis  was  found  in  testes  weighing  from  bOO  mg.  to  over  8000 
mg.  When  only  these  testes  were  con.sidered,  cholesterol  content  and  con¬ 
centration  continued  to  change  with  testes  weight  as  shown  in  Figures  8 
and  4.  Thus,  testicular  cholesterol  appears  to  be  primarily  involved  with 
testis  growth  and  mass  rather  than  with  spermatogenesis.  A  direct  relation¬ 
ship  of  cholesterol  to  spermatogene.sis  .seems  to  exist  only  in  .so  far  as  sper¬ 
matogenesis  and  growth  are  inseparable  during  the  initial  phases  of  develop¬ 
ment. 

If  chole.sterol  is  primarily  involved  with  growth  of  the  testes,  then  the 
apparent  contradictions  regarding  the  location  and  po.ssible  significance  of 
cholesterol  might  be  re.solved.  This  organic  constituent  might  be  pre.sent 
in  varying  degrees  in  both  interstitial  and  sperrnatogenic  cells.  The  relative 
presence  or  absence  in  each  location,  depending  on  the  technitjue  and  the 
species  or  age  of  the  animal,  could  be  due  to  cyclic  waves  of  growth  and  in¬ 
creasing  ti.ssue  ma.ss  of  these  two  testicular  components.  Additional  experi¬ 
mentation  will  be  necessary  to  further  elucidate  the  physiological  signifi¬ 
cance  of  cholesterol. 
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]  FFECT  OF  ELE(TRI('AL  STIMULATION  OF  THE  LIMBIC 
m'STEM  on  PITUITARY-ADRENOCORTICAL  FUNCTION: 
POSTERIOR  ORBITAL  SURFAC’E 


MIIOEO  OKINAKA,  HIROSHI  IBAYASIII,  KEN.II  MOTOHASHI, 
TAKUO  FUJITA,  SIR)  YOSHIDA  and  NAKAAKI  OHSAWA 

Okinnha’s  Medical  Clinic,  I  'riiversity  of  Tokyo  School  of  Medicine,  Tokyo,  Japan 

ABSTRACT 

Tlie  posterioi  orbital  surface  of  the  morjjJiine  pre-treated  dog  was  electricallj’ 
stimulated  for  ten  seconds  under  tlireet  vision  following  craniotomy.  Jugular 
and  adrenal  venous  blood  was  collected  before,  during,  and  after  the  stimula¬ 
tion  to  analyze  for  ACTH  and  17-OHC'S  respectively.  A  sharp  and  transient 
rise  of  both  ACTH  and  17-OHCS  was  observed  immediately  after  the  stimu¬ 
lation,  invariably  accompanied  bj’  somatic  responses  such  as  elevation  of 
Idood  pressure,  twitching  of  nose,  respiratory  standstill,  and  pupillary  dilata¬ 
tion.  None  of  these  responses  was  seen  after  stimulation  of  the  anterior  S3  lvian 
gyrus  as  control,  in  hypoj)h}sectomized  ACTH  maintained  animals,  and  in 
sham-operated  animals.  Increase  of  blood  ACTH  in  response  to  posterior 
orbital  surface  persisted  after  bilateral  section  of  splanchnic  nerve.  The  onset 
of  increased  adrenocortical  activitj’,  however,  seemed  to  be  considerablj- 
delaj’cd. 

INTRODUCTION 

The  regulation  of  pituitary-adrenal  funetion  througli  tlie  central  nerv¬ 
ous  system  has  been  the  subject  of  many  studies,  most  of  tliem  dealing 
with  the  hypothalamus  (1,  2).  Concerning  the  cerebral  cortex,  however, 
intimate  relationship  with  pituitary-adrenal  .system  has  not  been  estab¬ 
lished,  although  ACTH  release  in  emotional  stress  makes  such  a.s.sociation 
most  likely.  The  posterior  orbital  surface  has  been  known  to  play  an  im¬ 
portant  role  in  the  autonomic  nervous  regulation  (3,  4,  10).  Porter  (5) 
stimulated  the  posterior  orbital  surface  of  monkeys  and  cats,  obtaining  an 
eosinopenic  response  suggesting  ACTH  release.  Our  investigation  was  con- 
(luct(*d  in  dogs,  using  more  direct  approach  of  determining  blood  ACTH 
and  17-OHCS  in  relation  to  electric  stimulation,  with  particular  emphasis 
on  the  pattern,  amplitude  and  duration  of  pituitary-adrenal  response.  We 
hav(‘  defined  “Posterior  Orbital  Surface”  in  dog  as  the  prepyriformic  area; 
trail  itory  region  between  pyriform  lobe  and  olfactory  tract,  including  part 
of  the  insula,  as  shown  in  Figure  1. 

METHODS 

Tv(?nty-one  adult  mongrel  dogs  of  approximatelj'  10  kg.  body  weight  were  used. 
Oper;  tions  were  performed  after  subcutaneous  administration  of  0.4  cc.  per  kg.  b.w. 
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2%  solution  of  morphine  hydrochloride,  under  local  anesthesia  with  2%  procaine  hydn  - 
chloride.  Intravenous  administration  of  normal  saline  and  preserved  dofj  blood  was  us(  I 
to  maintain  a  constant  blood  pressure  level.  Following  temporal  skin  inci-ion,  the  zyg  - 
matic  process  and  the  articular  process  of  the  mandibula  were  removetl,  and  cranioton  c 
was  performed  to  visualize  the  posterior  orbital  surface  directly.  The  right  side  w  s 
selected  in  a  and  the  left  in  3  of  the  8  experiments  on  intact  animals  and  the  right  side 
was  alwaj'S  used  in  others.  The  animals  were  heparinized  at  the  end  of  the  operation. 
.\drenal  venous  blood,  5 — 10  cc.,  before,  during  and  5 — 30  minutes  after  the  stimulation, 
was  obtained  from  the  right  adrenal,  through  a  cannula  inserted  with  translumbar  and 
retroperitoneal  api)roach,  following  the  technic  of  Hume  and  Nelson  (0),  excei)t  the  sub¬ 
stitution  of  the  choker  with  simple  ligation.  Right  jugular  venous  blood  was  collected 
by  direct  cannulation  40  cc.,  before,  during  and  o  minutes  after  stimulation.  Experi¬ 
ments  were  not  started  until  1  hour  after  the  operation,  and  2 — 2|  hours  after  morphine 
administration.  Single  stimulation  with  concentric  electrode,  S.W.I).,  2  volt,  50  c  s, 
5  m.  sec.,  was  applied  for  10  sec.  under  direct  vision.  Four  transient  characteristic  rc- 
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Fig.  1.  Diagram  of  the  lateral  view  of  dog  brain.  The  stimulation  of  the 
stippled  area  produced  the  described  effects. 


sponses;  elevation  of  blood  pre.ssure,  twitching  of  the  nose,  respiratory  arrest,  and 
pupillary  dilatation  were  used  as  the  criteria  for  successful  stimulation.  The  site  was 
further  confirmed  in  the  formalin-fixed  brain.  For  control  purposes,  anterior  sylvian 
gyrus  was  stimulated  in  5  animals  either  preceding  to  or  following  the  stimulation  of 
posterior  orbital  surface  stimulation,  and  in  2  animals  independently.  .Vfter  qu'i  kly 
separating  the  jrlasma  from  the  adrenal  venous  blood,  plasma  17-OHCS  was  detcTinincd 
according  to  Nelson  and  Samuels  (7).  .Jugular  venous  blood  was  directl}’  collecte<!  in  8 
cc.  of  glacial  acetic  acid  and  jrrocessed  according  to  Fujita  (8)  to  be  as.sayed  b\  the 
ascorbic  acid  depletion  method  in  hypophysectomized  rats  of  Sayers,  Sayers,  and 
Woodbury  (9).  One  gram  oxycellulose  was  used  for  every  40  cc.  of  blood.  Hy])'  phy- 
sectomy  or  bilateral  section  of  splanchnic  nerves  was  performed  2  days  piior  t  the 
experiment.  Hypophysectomized  dogs  were  maintained  with  daily  intramuscul  in¬ 
jections  of  20  units  of  corticotrophin  Z  (Organon). 

RESULTS 

ACTH  in  jugular  venous  blood 

Before  stimulation,  ACTH  was  .scarcely  detectable  in  20  ec.  of  jiu  iilar 
venous  blood. 
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Table  1.  Blood  ACTH  assay  using  jugular  vein  blood  ok  dogs 
(Ascorbic  Acid  Depletion  mg. /BIO  gni.  by  20  cc.  blood) 


iitiict,  Posterior  Orbital  Surface  Stimulation 

Before  Stimulation  75,76,21,45,  —64,  It,  —4,  —55 

During  Stimulation  174,  85,  101,  84,  78,  77,  120,  02 

Five  Minutes  after  Stimulation  85,  114,  40,  07,  —  13 

(*t=4.00  P<0.01) 

Mean  +  S.E. 
13  ±10* 
103  +  12* 
65  +  23 

plachnic  Nerves  Sectioni'd,  Poste: 
Before  Stimulation 

During  Stimulation 

Five  Minutes  after  Stimulation 

rior  Orbital  Surfa<-e  Stimulation 

63,  84,  -37,  63,  58,  37,  86,  48 

168,  80,  78.  80.  105,  175,  100 

38,  103,  -11,32 
(♦t=3. 18  P<0.01) 

.50  +  14* 
126  ±10* 
41  ±24 

Bvpophysectomized,  Posterior  Orbital  Surface  Stimulation 

Before  Stimulation  —4,  —32,  —35 

During  Stimulation  23,  —05,  11,  —35 

Five  ^Iinutes  after  Stimulation  —32,  —37,0,  —14,  1 

-24  +  10 
-24+27 
-15±  0 

Siiam  Operated,  No  Stimulation 
Samples  taken  at  correspond¬ 
ing  time  I 

II 

III 

-37,  54,  -57,  71,  -36,  16,  33 
-46,  -65,31,  -67,  14,  -105,52,  -4 

11,  -16,  -1,25,  -21,  -65,  -40  , 

6  ±10 
-27  +22 
-15  ±12 

Intact,  .\ntcrior  Sylvian  (lyrus  Stimulation 

Before  Stimulation  —58,  17,  —42,  102,33 

During  Stimulation  52,  4,  41, 31,  —67 

Five  Minutes  after  Stimulation  —40,  —65,16,55,  —1,25 

10  ±20 

12  +  21 
-  2  ±18 

Standard  ACTH 

2  mu 

1  mu 

0.5  mu 

0.25  mu 

106,  120,  145,  162,  143 

111,80,  112,02,68,  84 

85,  78,  61,30,41,61,43 

30,  00,  16,  50,  25,  36 

137  ±  0 

02  ±  7 

57  ±  8 

44  ±11 

Recovered  .\CTII* 

2  mu 

0.5  mu 

07,  121,  107,  128,  143,  165 

50,  20,  55,  30,  86,  02 

127  ±  10 

57  ±11 

Recovery 

.  84.2  +  14.8% 

Blood  Blank 

16,  21,  6,  -.5,  -8 

6±  6 

Normal  Saline 

-10,  14,  21,  -10,  -7,  0,  -1 

0±  5 

*  Known  amount  of  .\CrrH  was  added  to  hypophysectomized  dog  blood. 


•Vscorliic  acid  depletion  hy  a  sample  corresponding  to  20  cc.  blood,  how¬ 
ever,  rose  sharply  during  the  stimulation  (P  <0.01),  indicating  a  detectable 
amount  of  ACTH  regardless  of  the  side  of  stimulation  (Table  1).  Bilateral 
section  of  the  splanchnic  nerve  did  not  abolish  such  respon.se,  (P<0.01) 
(Table  1)  although  hypophysectomy  completely  terminated  it,  while  pre- 
sei'  ing  all  .somatic  responses  (Table  1).  Sham  operation  and  the  stimula¬ 
tion  of  anterior  sylvian  gyrus  did  not  evoke  a  positive  response  (Table  1). 

17-  )HCS  in  adrenal  venous  blood 

1  1  8  experiments,  immediate  increase  of  17-OHCS  was  observed  upon 
stii  dilation,  reaching  the  peak  of  215+42%  (S.E.)  of  the  prestimulation 
lev'  1  5  minutes  later,  and  subseijuently  decreased  gradually  to  return  the 
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Table  2.  ('haxges  ix  17-()H-CS  (/ig./100  cc.  adrexal  vexous  blood) 


Kxp. 

No. 

Before 

stimula¬ 

tion 

During 

stimida- 

tion 

5 

min. 

After  stimulation 

10  20 

min.  min. 

30 

min 

1 

260 

510 

Intact, 

2 

260 

,500 

460 

360 

260 

260 

posterior  ori)ital 

ii 

120 

230 

184 

184 

144 

160 

surface  stimulation 

4 

60 

116 

260 

88 

70 

78 

5 

182 

202 

306 

238 

250 

270 

(> 

208 

384 

384 

510 

214 

130 

7 

210 

410 

150 

02 

76 

70 

8 

206 

433 

546 

201 

156 

Splanchnic  nerves 

1 

118 

160 

278 

66 

162 

sectioned, 

2 

2.54 

317 

475 

503 

274 

453 

posterior  orbital 

a 

174 

180 

270 

88 

216 

208 

surface  stimulation 

4 

104 

145 

170 

144 

5 

138 

105 

225 

88 

123 

01 

Hvpophvsectomized, 

1 

108 

00 

102 

70 

70 

60 

posterior  orbital 

2 

120 

102 

128 

133 

120 

surface  stimulation 

:i 

00 

50 

48 

48 

23 

Sham  operated, 

1 

1.53 

115 

138 

153 

151 

no  stimulation 

2 

137 

115 

130 

107 

110 

152 

ii 

131 

135 

128 

140 

126 

4 

1 12 

87 

104 

142 

118 

IIH 

5 

127 

112 

107 

132 

122 

118 

Intact, 

1 

08 

06 

06 

1 16 

anterior  svlvian 

2 

160 

160 

130 

00 

gvrus  stimulation 

.3 

270 

234 

258 

200 

306 

4 

118 

146 

128 

150 

5 

60 

54 

50 

66 

50 

68 

() 

118 

08 

132 

120 

138 

7 

118 

no 

131 

124 

130 

1.50 

pre-stimulation  level  20  minutes  later  (Tables  2  and  .3).  No  such  response 
was  noted,  in  .5  sham  operated  animals,  upon  stimulation  of  the  anterior 
sylvian  gyrus,  or  in  3  animals  two  days  after  hypophyseetomy  maintained 
by  ACTH  (Tables  2  and  3).  In  one  experiment  after  hypophyseetomy  with¬ 
out  ACTH,  17-OHCS  was  scarcely  detectable  throughout  the  experiment. 
In  .5  dogs  after  bilateral  section  of  splanchnic  nerve,  increase  of  17-01  ICS 
occurred  in  normal  amplitude  but  with  considerable  delay  of  onset  (Tables 
2  and  3).  Adrenal  venous  blood  flow  did  not  change  remarkably  during  the 
experiments,  resulting  in  a  close  parallelism  between  17-OHCS  concei  tra- 
tion  and  output. 

DISCUSSION 

Since  the  posterior  orbital  surface  in  dogs  has  not  been  well  defim  1  as 
yet,  direct  comparison  of  the  above  results  with  those  of  Porter  (5)  n  ight 
not  be  ju.'^tified  at  this  stage.  Babkin’s  posterior  orbital  surface  was  ai  par- 
ently  different  from  ours  (10).  Our  data,  however,  definitely  indica  “  an 
intimate  functional  relationship  between  this  part  of  the  cerebral  c  rtex 
and  pituitary-adrenal  system.  Apparent  persistence  of  the  reaction  ifter 
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hi  ateral  section  of  splanciinic  nerve  ruled  out  the  possibility  of  participa- 
ti'  11  of  adrenal  medulla  in  ACTII  release  in  this  type  of  experiment,  al- 
tl  >ugh  a  delayed  response  might  suggest  certain  change  in  adrenal  respon- 
iiii',  (Uiess. 

Vripheral  blood  ACTH  in  normal  dog  during  stress  was  reported  as 
7.  jL-l.o  mu  100  cc.  plasma  by  Hume  (11),  using  Hume  and  Nelson’s 
nit  hod  (12).  In  our  experiments,  ascorbic  acid  depletion  by  20  cc.  jugular 
vci  i  blood  upon  posterior  orbital  .surface  stimulation  was  108  + 12  mg.  100 
gni  ,  while  AAD  by  1  mu  ACTH,  0.8  ±mg.  100  gni.  and  by  2  mu  ACTH, 
18t  ±0  mg.  TOO  gni.  In  our  experiments,  increase  of  blood  ACTH  was 
quite  prompt  upon  stimulation,  returning  almost  to  the  pre-stimulation 
levi  I  o  minutes  later.  Th.e  change  of  17-OHCS  followed  immediately.  Thus 
it  appears  quite  likely  that  electric  .stimulation  of  the  orbital  .surface  gave 
ri.M  to  an  instantaneous  and  transient  ACTH  release  by  some  unknown 
mechanisms,  most  probably  via  hypothalamus.  Release  of  ACTH  has  been 
known  to  occur  (piite  promptly  upon  stressful  stimuli.  After  exposure  to 
etlu'V  for  To  seconds,  the  blood  ACTH  of  rat  rose  2  minutes  later  and  again 
(lecrc'ased  after  0  minutes  (18).  Fortier  reported  changes  of  corticosterone 
content  in  rat  blood  after  .single  electroshock,  giving  similar  pattern  (IT). 


TaBI.E  3.  C'HANCiKS  I.\  17-OII-C'S  COXCE.NTRATION  IX  ADKEXAI,  VEXOI  S  Bl.nol) 
EXPRESSED  AS  PERClCXTACE  OF  THE  PRE-STIMCI.ATIDX  I.EVEI, 


Before 

DurinR 

■■  ■■  ‘ 

After  stimulation 

Kxp.  No. 

sti  inula- 

stimula* 

- . . 

—  -  -  -  _  _ 

-  -  ..  _ 

- - 

tion 

tiim 

5  inin. 

10  min. 

20  min. 

30  min. 

1 

100 

K)6 

Intact. 

2 

100 

102 

177 

1.39 

KM) 

KM) 

posterior  orbital 

3 

100 

102 

1.53 

15.3 

120 

1.33 

surface  stimulation 

4 

KM) 

103 

433 

147 

117 

1.30 

.5 

1(K) 

160 

218 

131 

1.37 

148 

H 

KM) 

18.5 

185 

245 

103 

63 

7 

KM) 

105 

76 

44 

36 

.36 

8 

KM) 

210 

265 

98 

76 

M(‘an  +  S.K. 

KM) 

KM)  +  5 

215  ±42 

137  ±  23 

08  ±  13 

102  ±  18 

Splanchnic  nerves 

1 

100 

136 

2.36 

56 

137 

sectioned, 

2 

100 

125 

187 

198 

108 

178 

posterior  orbital 

3 

100 

103 

1,55 

51 

124 

120 

surface  stimulation 

4 

100 

130 

163 

138 

5 

KM) 

141 

163 

64 

80 

68 

Mean  ±  S.E. 

KM) 

120  +  7 

181  ±  15 

02  ±  35 

110  ±20 

122  ±  32 

Hypiiphysootoinized, 

1 

KM) 

83 

04 

65 

65 

56 

post*  lior  orbital 

2 

100 

70 

09 

103 

KM) 

surface  stimulation 

3 

KM) 

a3 

.56 

53 

53 

26 

Mean  ±  S.E. 

KM) 

82+1 

83  ±14 

74  ±17 

73  ±14 

41  ±  15 

1 

100 

75 

00 

100 

90 

Shan  operated, 

2 

100 

84 

05 

78 

87 

111 

no  M  jiiulatinn 

3 

KK) 

103 

08 

107 

!)6 

4 

100 

78 

03 

127 

105 

105 

5 

KX) 

88 

84 

104 

06 

03 

Mean  ±  S.E. 

100 

86±5 

02  ±2 

103  ±  8 

07  ±3 

103  ±5 

1 

KM) 

08 

08 

118 

2 

KM) 

KM) 

81 

56 

Inta 

3 

lOO 

82 

87 

06 

74 

113 

anter  t  sylvian 

4 

100 

124 

108 

127 

KJTu  tiniulation 

5 

KM) 

00 

8)3 

110 

93 

113 

6 

KM) 

SI 

112 

102 

117 

7 

100 

101 

111 

105 

110 

127 

Mean  ±  S.E. 

100 

97±5 

97  ±5 

110±5 

83  ±12 

118±3 
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Stimulation  of  posterior  orbital  surface  appears  so  consistent  in  releas'  ig 
the  pituitary  ACTH  in  vivo  that  it  should  he  useful  in  studying;  the  physi¬ 
ology  of  the  pituitary-adrenal  system.  The  role  of  the  limbic  system  other 
than  the  posterior  orbital  surface  such  as  the  amygdaloid  nuclear  complex 
and  hippocampal  formation  in  regulating  pituitary  adrenal  function  as 
higher  integrator  of  hypothalamus  was  recently  investigated  by  Mason 
(17,  18)  and  ourselves  (19). 

hdnally,  the  use  of  morphine  appears  quite  important  in  our  experiment. 
The  effect  of  morphine  in  blocking  the  stress  and  in  releasing  .\CTH  lias 
been  demonstrated  (15,  10).  In  our  experiments  conducted  more  than  2 
hours  after  morphine  administration,  the  ACTH  releasing  action  had  al¬ 
ready  disappeared  as  shown  by  the  results  in  sham-operated  animals. 
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EFFECT  OF  THYROTROPIN  UPON  THE  INTRATHY- 
ROIDAL  METABOLISM  OF  THIO(TANATE-S^^ ' 

.lOSF  A.  SANCHFZ-MAHTIN=*  AND  MARVIN  L.  MITCHELL 

Department  of  Medicine  and  Radioisotope  Unit,  Lemuel  Shattuck  Hospital  and 
Tufts  I’niversity  School  of  Medicine,  Boston,  Massachusetts 

ABSTRACT 

S^’’-labokMl  thiocyanate  was  administered  to  guinea  pigs  which  had  been 
previously  treated  with  thyrotroj)in.  The  TSH  pretreated  animals  exhibited 
r  S  gradients  of  radioactivity  which  were  twice  as  great  as  those  of  the  control 
inimals.  Paper  ehromatography  of  the  thyroid  homogenates  revealed  that 
-ulfate-S’*  was  the  ehief  sulfur  product  of  thiocyante-S®^  metabolism.  Thy¬ 
rotropin  produced  an  increase  in  the  intrathyroidal  concentration  of  sulfate-S’“ 

IS  compared  with  the  concentration  in  the  controls  receiving  only’ labeled  thio¬ 
cyanate.  Pretreatment  with  thiourea  abolished  the  TSH  response  but  aug¬ 
mented  the  concentration  of  thiocyanate-S®^  within  the  thyroid  gland.  These 
results  suggest  that  TSH  enhanced  the  intrathyroidal  metabolism  of  thio- 
cyanate-S^®. 

The  action.s  exerted  by  the  thiocyanate  and  the  iodide  ions  upon  tlie 
thyroid  gland  are  not  wholly  independent  of  one  another.  In  pharma¬ 
cologic  concentration.s  each  i.s  capable  of  preventing  organification  of  iodide 
l)y  the  thyroid  gland  (1,  2).  Under  appropriate  conditions  each  may  be 
goitrogenic  (8,  4),  but  the  thiocyanate-induced  goiters  in  rats  may  be 
abolished  by  an  iodide  excess  (o).  One  of  the  more  striking  differences 
between  the  two  ions  is  the  failure  of  thiocyanate  to  be  concentrated  by 
either  the  normal  or  the  iodide-deficient  thyroid  gland  (6).  It  has  been 
shown  in  humans  that  inhibition  of  the  thyroid  iodide  concentrating 
mechanism  by  thiocyanate  may  be  partially  eliminated  by  the  administra¬ 
tion  of  thyrotropin  (7).  Thus,  a  study  has  been  undertaken  to  determine 
the  effect  of  thyrotropin  upon  the  intrathyroidal  metabolism  of  labeled 
thiocyanate. 

M.\TERIALS  .\ND  METHODS 

Se])arate  experiments  were  performed  on  different  daj’s  using  groups  of  b  to  12  guinea 
pigs’  of  both  sexes  iii  each  experiment,  .\lthough  initially  the  body  weights  were  ai)proxi- 
mately  the  same  (250-300  gm.),  some  of  the  TSH-treated  animals  suffered  moderate 
weight  loss.  The  animals  wen*  caged  under  identical  conditions,  receiving  Rockland 

Rc(  l  ived  January  15,  1900. 
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*01  fained  from  Samuel  E.  Rice,  Saugus,  Mass. 
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guinea  pig  diet,  vegetables,  and  water  ad  lib.  Half  of  the  animals  in  each  group,  seleei  ■«! 
at  random,  serve<l  as  controls. 

Potassium  thioeyanate-S’^  *  was  diluted  with  normal  saline  so  that  0.1  ml.  eontai:  ed 
20- .50  nv.  of  the  labeled  material  together  with  0.2.5-0.50  mg.  of  the  stable  thioeyam.te. 
Sodium  sulfa te-S’^  was  also  diluted  in  normal  saline  to  a  final  concentration  which  -as 
identical  to  that  of  the  thiocyanate.  TSH  (thyrotropin)®  was  dissolved  in  saline  (10.0 
r.S.P.  units  per  ml.)  ami  given  24  and  3  hours  before  the  administration  of  the  radio¬ 
active  materials.  All  injections  were  made  intraperitoncally,  and  the  dose  of  TSH  .as 
either  2  or  4  units  jM'r  injection.  An  equal  volume  of  normal  saline  without  TSH  vas 
administert'd  to  the  controls  at  the  same  time.  Throughout  the  e.xperiments  most  of 
the  animals  received  aitproximately  .50  /ae.  of  the  labeled  thiocyanate®  and  0.2  mg  to 
0.5  mg.  of  the  stable.  (Sulfate-S’®  was  administered  in  equivalent  doses).  On  two  dif¬ 
ferent  occasions  groups  of  animals  were  given  .50  mg.  of  thiourea  3  hours  before  the 
labeled  thiocyanate  was  administered.  Starting  2  hours  after  the  injections  of  the  labeled 
thiocyanate  (and  sulfate),  blood  was  collected  under  light  ether  anesthesia  by  cardiac 
puncture  with  a  he])arinized  syringe  after  which  the  animals  were  sacrified  by  exsangui- 
nation  or  ether  anesthesia.  The  thyroid  glamls  were  removed,  cleaned,  weighed  (wet) 
on  a  Roller-Smith  torsion  balance,  dropped  into  2  ml.  of  10%  TC.\  (trichloroacetic 
acid)  and  homogenized  b}*  hand  in  a  glass  tissue  grinder  (approximately  4  hours  elapsed 
from  first  to  last  animal),  .\fter  standing  overnight  the  homogenate  was  centrifuged 
(2000  rpm)  and  the  supernatant  transferred  to  a  graduated  cylinder.  The  precipitate 
was  washed  .3-4  times  with  2  ml.  volumes  of  distilled  water  using  a  glass  stirring  rod  to 
pulverize  the  precipitate  during  each  washing.  3'he  water  was  decanted  after  each 
centrifugation  and  combined  with  the  T(’.\  supernatant.  Following  the  final  washing, 
the  preci|)itate  was  dissolved  in  2-3  ml.  of  3X  XaOH. 

Two  ml.  of  10%  cold  TC'.V  were  blown  into  1  ml.  aliquots  of  the  guinea  pig  i)lasma 
contained  in  centrifuge  tubes.  After  the  finely  dispersed  precipitate  had  settled,  the 
tubes  were  centrifuged  and  set  aside  until  the  sui)ernatant  was  assaj'ed  for  its  radio¬ 
activity  content.  Individual  standards  were  |)rei)ared  in  vitro  by  the  addition  of  meas¬ 
ured  eoiuamtrations  of  thiocyanate-S'’®  to  ajjprojjriate  aliquots  of  normal  guinea  pig 
j)lasma  and  thyroid  homogenate.  The  radioactivity  in  the  thyroid  i)recipitates  and 
sui)ernatants.  as  w(dl  as  in  the  plasma  suj)ernatants,  was  measured  in  a  'I'ri-C'arb  l.icpiid 
Seintillator.’^ 

One  ml.  aliquots  of  the  samj)les  were  diluted  uj)  to  20  ml.  with  scintillating  solution’ 
in  erylite  vials  that  were  low  in  potassium.  The  efficiency  of  the  system  was  such  that 
the  standards  deliv(“red  300,000  cts.  min.  /ic.  S’®  at  0°  The  concentration  of  radio¬ 
activity  per  mg.  of  thyroid  tissue  was  determined  as  follows: 

cts./ml.  thyroid  supernatant  X  total  volume  supernatant 
thyroid  weight 

The  T/S  ratio  was  then  calculated  after  appropriate  weight  and  volume  correct i  uis: 

ets./gm.  thyroid 
cts./ml.  plasma 

*  .\bbott  Laboratories,  Oak  Ridge,  Tenn.  (potassium  thiocyanate-S®®  shipped  vith  a 
specific  activity  of  0.05  me.  to  0..30  me. /mg.). 

®  .\rmour  Thytropar. 

*  Occasionally  some  of  the  animals  received  up  to  300  nc.  of  thiocyanate-S®®  i  order 
to  localize  the  thj-roid  fractions  following  paper  chromatography. 

^  Packard  Instrument  Co.,  LaGrange,  Illinois. 

*  4  gm.  PPO  (2,5-diphenyloxazole),  25  mg.  POPOP  (l,5-di-[2-[5-phenylo.'  zolylll 
-benzene)  and  50  gm.  naphthalene  dissolved  in  1,000  ml.  dioxane  (p-dioxane,  1  stman 
Organic  Chemicals). 
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I’aper  chromatography  was  carried  out  on  tluToids  which  had  been  homogenized  in 

ml.  distilled  water.  Appro.ximately  20  ng.  of  tissue  homogenate  were  applied  along 
a  1  cm.  line  to  Whatman  Xo.  1  chromatography  paper.  The  chromatograms  were  run 
in  n  ascending  .solvent  system  of  butanol,  pyridine  and  1.5X  XH3  (2:1:2)  for  1()-18 
hOi 's  at  room  temperature.  The  radioactive  zones  along  the  paper  strips  were  localized 
by  means  of  autoradiography  on  Xo-Screcn-X-Ray  film,  and  a  scintillation  strip 
cou  iter.*  The  unknown  radioactive  spots  were  identified  by  comparing  them  with 
thii  yanate  and  sulfate-S’®  standards  which  were  run  simultaneously.  Staining  did  not 
pro  •'  to  be  feasible  becau.se  of  the  low  concentrations  of  stable  sulfate  and  thiocyanate. 

RESULTS 

The  concent  rat  ion  of  S'^’-lal)eled  material  was  significantly  increa.sed  in 
the  thyroid  glands  of  the  TSH-treated  animals,  with  the  T  S  ratios  approx¬ 
imately  twice  as  great  as  those  of  the  controls  receiving  only  thiocyanate¬ 
s'^  P<().01)  (Tal)le  1).  TSII  failed  to  produce  increments  in  thyroidal 
radioactivity  when  the  guinea  pigs  were  given  thiourea  prior  to  the  labeled 
thiocyanate  or  when  sulfate-S'^’’  was  administered  in  place  of  thiocyanate¬ 
s’"  (Fig.  1).  However,  it  should  he  noted  that  thiourea  by  it.self  effected 
distinct  elevations  in  the  intrathyroidal  radioactivity  after  labeled  thio¬ 
cyanate  (Fig.  1).  This  observation  is  consistent  with  the  report  of  Maloof 
and  Soodak  (9),  as  is  the  finding  of  negligible  amounts  of  radioactivity 
within  the  protein-precipitable  fraction  of  the  thyroid  homogenates.  In 
most  instances  this  amounted  to  no  more  than  2%  of  the  total  thyroidal 
radioactivity. 

Positive  identification  of  the  labeled  compounds  within  the  thyroid 
glands  after  paper  chromatography  was  limited  to  thiocyanate-S’'’  and 
sulfa te-S’h  It  is  not  inconceivable  that  some  minor  sulfur-containing  com¬ 
ponents  with  Hf’s  similar  to  sulfate-S’"  would  not  be  .separated  in  this 
sy.stem.  Although  this  seems  unlikely,  especially  in  view  of  other  studies 
(9),  it  should  be  under.stood  that  .sulfate-S’"  as  used  here  in  reference  to  its 
derivation  from  thiocvanate-S’’  mav  include  other  S'’'’-labeled  substances. 
On  s(‘  veral  occasions  radioactivity  was  detected  in  areas  which  did  not 
correspond  to  known  compounds.  The  radioactivity  within  the  thyroid 
glands  of  the  controls  appeared  to  be  divided  unevenly  between  thiocyanate 
and  sulfate  with  the  former  occuping  the  larger  .share  (Fig.  2).  Following 
admiiu.stration  of  T8H  the  normal  pattern  appeared  to  be  reversed  so  that 
the  heavier  concentration  of  radioactivity  was  localized  in  the  sulfate  zone. 
.\ttenipts  to  ejuantitate  these  differences  by  means  of  the  .strip  counter  were 
unsueee.s.sful  because  of  the  low  levels  of  radioactivity'.  However,  measure¬ 
ment  of  the  transmission  densities’"  of  the  various  film  zones  revealed  that 
[  the  sidfate-S’VHdocyanate-S’’  ratio  of  approximately  0.6  was  reversed  by 
j  the  administration  of  TSH,  re.sulting  in  a  .sulfate-S’-V^CX-S®"  ratio  of  ap¬ 
proximately  1.7  (Fig.  2). 

*  D  signed  by  one  of  us  (M.L.M.)  and  built  to  .specification  by  Laboratory  Associates 
Inc.,  1'  Imont,  Mass.  See  reference  8  for  outline  of  detector  unit. 

“  V  eston  Densitometer  model  #273. 


Fig.  1.  Failure  of  TSH  to  augment  the  T/S  gradient  of  radioactivity  when  guinea 
pigs  were  pretreated  with  thiourea  or  when  sulfate-S’*  was  admini^ten'd  in  place  of 
SCN'-S’*.  Note  the  increased  T/S  radioactivity  in  both  grouj)s  receiving  the  thiourea. 


DISCUSSION 

In  animals  injected  with  thiocyanate-S*“,  the  presence  of  a  gradient  of 
radioactivity  between  thyroid  and  plasma  in  the  TSH-treated  groups  may 
he  explained  by  the  increment  of  sulfate-S®“  or  other  S^^-containing  com¬ 
pounds.  This  statement  is  .supported  by  1)  the  increased  concentration  of 
S’’  following  TSII  and  2)  the  inability  of  the  TSH  to  effect  a  thyroid 
plasma  gradient  of  radioactivity  greater  than  that  of  the  control  group  in 
the  presence  of  thiourea.  The  latter  ob.servation  is  .significant  when  coupled 
with  the  knowledge  that  .sulfate  is  the  major  sulfur-containing  product  in 
the  thyroidal  metabolism  of  thiocyanate  and  that  this  metabolism  is  com¬ 
pletely  inhibited  by  thiourea  (9). 

The  elevated  T  S  concentration  gradient  of  radioactivity  for  thiocya- 
nate-S”  following  the  administration  of  thiourea  (Fig.  2)  resembles  to  a 
le.sser  degree  the  increment  of  thyroidal  iodide  observed  in  rats  pretreated 
with  a  single  injection  of  propylthiouracil  (10).  Since  oxidative  processes 
are  pre.sumably  active  in  the  metabolism  of  both  iodide  and  thiocyanate 
ions,  thiourea  may  act  upon  similar  oxidative  mechanisms  in  both  in¬ 
stances.  It  isdifficult  toexplain  thedifferences  betweenour  findingsand  those 
of  Wood  and  Williams  (0).  Since  their  studies  were  carried  out  on  pooled 
samj)les  of  ti.s.sue  there  is  no  way  of  knowing  to  what  extent  the  variations 
in  gland  size  or  in  the  concentration  of  S’’  radioactivity  influenced  the 
mean  values.  It  should  also  be  noted  that  the  animals  receiv'ed  considerably 
greater  quantities  of  stable  thiocyanate,  as  well  as  being  maintained  on 
prop'  Ithiouracil  for  more  than  one  month. 

The  ob.servations  reported  here  .suggest  that  TSII  may  enhance  the 
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Fig.  2.  Rctouclu'd  radioautoKraph  of  chromatogram  from  control  thyroid  hoiiuig- 
onatcs  on  tlic  rigiit  and  the  TSII-trcatcd  on  the  left.  X*et  transmis.sion  densities  of  the 
thiocyanate-S^^  ami  sulfate-S'*^  are  recorded  above  their  respective  zones.  The  snlfate-!S“ 
rejiresents  endogenous  breakdown  of  the  exogenously  administered  tliioeyanate-S  . 

metal)olic  degradation  of  thiocyanate  within  the  thyroid  gland.  In  effect, 
this  would  result  in  a  reduced  intrathyroidal  concentration  of  thiocya'iate 
with  an  attendant  transfer  of  plasma  thiocyanate  into  the  thyroid  cell. 
The  preci.se  locus  of  action  by  TSH  in  the  metabolic  pathway  of  'hio- 
cyanate  is  ill-defined.  The  fact  that  the  T  S  gradient  of  radioact  vity 
seldom  varied  following  the  TSH  implies  the  presence  of  a  rate  lin  ting 
.system,  perhaps  enzymatic  in  nature.  Either  acceleration  of  desulfui  tioii 
of  thiocyanate  or  the  oxidation  of  the  .sulfur,  as  a  consequence  of  the  SH, 
might  account  for  these  results. 

The  failure  of  TSH  to  alter  the  T  S  gradient  of  radioactivity  i  the 
animals  receiving  sulfate-S®'  (Fig.  1)  indicates  that  the  action  of  1  il  b 
.specific  for  the  intrathyroidal  metaboli.sm  of  the  thiocyanate-S''“.  Th-  pos- 
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ihility  tliat  the  absorption  or  tlie  e(iuilibration  of  the  labeled  sulfate  was 
■tarded,  hence  delaying  the  maximum  thyroidal  concentration,  cannot  be 
.  Kcluded.  Allowing  longer  periods  of  time  for  the  administered  sulfate- 
^  ^  to  circulate  might  conceivably  result  in  increased  T  8  gradients  of 
1  idioactivity. 

The  results  of  the  experiments  described  here  may  elucidate  the  mech- 
;  lism  whereby  TSH  induced  increments  in  the  thyroidal  concentration  of 
I  (lioiodine  in  the  presence  of  otherwise  inhibitory  levels  of  thiocyanate 
i  the  normal  subjects  (7).  If  the  TSH  promoted  a  rapid  degradation  of 
tiiiocyanate,  then  the  intrathyroidal  concentration  of  the  thiocyanate  ion 
would  have  been  reduced,  conseciuently  relatively  normal  function  would 
liave  been  restored  to  the  thyroid  gland.  It  is  of  interest  to  note  that  the 
h .  pcrthyroid  glands  were  less  easily  inhibited  by  any  given  dose  of  thio- 
c-anate.  One  might  presume  a  more  rapid  turnover  or  transformation  of 
the  thiocyanate  in  thyrotoxicosis  not  necessarily  attributable  to  TSH. 

riie  presence  of  low  serum  concentrations  of  thiocyanate  in  some  normal 
sul)jects  (7),  presumably  from  the  detoxification  of  cyanide,  attests  to  a 
further  need  to  assess  the  precise  relationship  of  thiocyanate  to  the  func¬ 
tion  of  the  normal  and  abnormal  thyroid  gland. 
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EFFECT  OF  THIOCTAXATE,  STABLE  IODIDE  AND  PER¬ 
CHLORATE  OX  THE  KIXITIC'S  OF  RADIOIODIDE  TRAXS- 
PORT  BETWEEX  THYROID  GLAXD  AXD 
BLOOD  OF  RATSi 

X.  S.  HALMI,  D.  K.  ORAXXER,^  G.  MULLER,  B.  H.  PFTFHS^ 
AND  B.  I).  SMITH 

Department  of  Anatomi),  State  Unirersitji  of  Iowa,  Iowa  Citj/,  Iowa 
ABSTRACT 

Kquilibration  of  radioiodidc  between  thyroid  and  l)lood  was  studi(‘d  in  rats 
fed  propylthiouraeil  with  or  without  sul)se(juent  acute  administration  of 
thiocyanate,  stal)le  iodide  or  i)erchlorate.  The  results  were  analyzed  in  terms 
of  Wollman  and  Reed’s  open  two-compartment  model  of  the  thyroidal  iodide 
pump.  All  three  anions  examined  were  found  to  iidiibit  thyroidal  radioiodide 
collection  ))redominantly  through  lowering  of  the  unidirectional  clearance  of 
jilasma  radioiodide  by  the  thyroid,  and  to  a  lesser  extent  by  enhancing  the  exit 
rate  constant  of  thyroidal  radioiodide.  These  observations  are  scrutinized  for 
information  regarding  tin*  anatomical  site  of  the  thyroidal  iodide  pump. 

WOLLMAX  and  Reed  (1)  inve.'stisated  the  kinetics  of  radioiodide 
transport  between  the  propylthiouracil  (PTU)-l)locked  thyroid  and 
the  blood  of  mice  and  rats.  They  found  that  their  results  could  be  described 
by  equations  ba.sed  on  an  open  two-compartment  model,  in  which  the  two 
variable  empirical  constants  are  those  of  a)  the  unidirectional  clearance  of 
blood  radioiodide  by  the  thyroid  (C  nir,  in  units  of  pi.  nifr.  min.),  and  h) 
the  fractional  release  rate  of  radioiodide  from  the  thyroid  per  minute 
(Ktb)-  The  commonly  used  index  of  thyroidal  iodide  pump  activity,  the 
ecpiilibrium  value  of  the  thyroid-serum  radioiodide  concentration  ratio 
(T  S),  was  shown  to  equal  C  niT  Ktb-  Wollman  and  Reed  reported  that 
the  lowering  of  the  T/S  by  SCX“  is  entirely  due  to  an  elevation  of  the 
Ktb.  They  also  suggested,  on  the  basis  of  experiments  performed  by  others 
in  human  beings,  that  the  effect  of  stable  1“  may  be  of  the  same  nature. 

Our  study  was  designed  to  test  the  effects  of  SCX“,  stable  I~  and 
on  the  kinetics  of  thyroidal  radioiodide  transport  in  rats  chronically  treated 
with  PTU.  Under  the  conditions  of  our  experiments  depre.ssion  of  he 
C,  niT  was  a  more  striking  effect  of  these  ions  than  elevation  of  the  K  tb- 

MATERIALS  AND  METHODS 

Young  adult  male  Spiague-Dawlcy  rats  were  fed  0.03%  PTU  in  Low  Iodine  c-jt 
Diet  (Nutritional  Biochcmicals,  Inc..  ('Icvcland,  Ohio)  for  19-22  days.  The  rats  ii  x- 
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n-riment  I  weighed  around  200  gm.  and  those  in  experiment  II  about  KK)  gm.  at  the 
line  tliey  were  killed.  All  rats  were  injected  subcutaneously  (s.c.)  with  12  ing.  of  PTE 
I  alkaline  solution  45-00  minutes  before  the  s.c.  injection  of  carrier-free  P^'  (2.5  or 
/liC./ 100  gm.  in  experiment  1,  2  or  4  ixc.  in  experiment  II).  The  rats  in  groups  h  and  e 

both  ex|)eriments  were  also  injected  s.c.,  at  the  time  the  PTE  was  given,  with  the 
illowing  substances  (all  dosages  100  gm.;  injection  volume  0.25  ml.,  100  gm.):  307  mK- 
'  r'X“  (1  b),  1.535/ig.SCX~  (1  c), 3.293 /ig.  stable  I~  (11  h),  or  1  lO/xg.  C'104~  (II  c).  (Iroups 
,  a  and  II  a  .served  as  controls.  The  rats  were  anesthetized  with  ether,  starting  l|-2 
t  inutes  before  blood  was  ilrawn  from  the  abdominal  aortas  3,  0,  10  and  30  minutes 
;  ter  the  injection  of  I'-’b  The  number  of  animals  jx'r  time  intc'rval  was  generallj'  5  and 
(I  casionally  4  or  (5.  Thyroid  samples  were  (juickly  removed  after  exsanguination  and 
V  'ighed  on  a  torsion  balance.  Roth  thyroid  and  serum  samjiles  wi're  jirepared  for 
(.. anting  with  a  thin  miea  end-window  (leiger- .Muller  tube,  following  the  method  of 
^  aiidcrLaan  and  Greer  (2).  When  high  activity  of  the  thyroid  necessitated  the  injection 
o!  lower  doses  of  P’l  (2.5  or  2  /ic.  100  gm.),  all  counts  were  doubled  to  make  them  com- 
p.irable  with  those  of  rats  in  the  same  group  which  received  the  higher  dose,  and  are  thus 
n  .orded  in  Figure  1. 

Smooth  time  curves  of  serum  P’*  levels  (S)  wme  graiihically  fitted  to  the  values  ob¬ 
served,  as  shown  in  Figure  1.  The  smooth  time  curves  for  the  thyroid  P”  concentrations 
(  I'  l  displayed  in  Figure  1  were  obtained  with  an  analog  comimter  'by  simulating  the 
seinm  P^*  curves  graphed  and  substituting  different  C  iut  and  Ktb  values  in  Wollman 
and  Heed’s  (1)  ecp  1  until  the  thyroid  P^'  curves  that  give  the  best  fit  were  attained.^  The 
value's  of  (’,  iut  innl  Ktb  which  yielded  this  oirtimal  fit  are  shown  for  each  experimental 
groiii)  in  F'igure  1.  The  T  S  curves  presented  in  Figure  1  connect  points  determined  by 
(li\  iiling  values  along  the  T  curve  by  temirorally  corresponding  values  along  the  S  curve. 
The  actually  measured  mean  S,  T  and  T  S  readings,  and  their  standard  errors,  are  repre¬ 
sented  in  Figure  1  by  symbols  identified  on  the  graph  of  experiment  I  a,  and  by  vertical 
lirackets. 

RESULTS 

Figure  1  shows  that  the  lower  do.se  of  SCX“  (0.5  mg.  KSCX  MOO  grn.) 
cau.sed  a  reduetiou  of  the  C  iut  and  an  elevation  of  the  Ktb  (eompare  I  a 
ami  h).  The  higher  dose  of  SCX~  (2.5  mg.  KSCX  100  gm.)  had  little  fur- 
tlu'r  effeet  on  the  Ktb,  hut  lowered  the  C  m-r  substantially  (1  e).  When  a 
(1().''(‘  of  Xal'-’  equimolar  to  this  higher  dose  of  KSCX  (II  h)  or  1  20  of  the 
(‘(piimolar  dose  of  XaCl()4  (II  e)  were  given,  a  eompari.son  with  the  eontrol 
group  (II  a)  showed  a  diminution  of  the  C  m-r  to  approximately  1  10  the 
control  value,  and  a  rise  of  the  Ktb  that  was  less  than  twofold. 

DISCUSSION' 

Gur  re.sults  do  not  agree  with  those  of  Wollman  and  Heed  (1),  who  found 
that  IRS  /xg.  of  SCX~  100  gm.  did  not  alTeet  the  C  iut  and  lowered  the 
T  by  tripling  the  Ktb-  In  our  experimental  groups  the  C  iut  was  lowered 
— \  '“ly  .substantially  so  in  all  but  the  group  given  the  lower  dose  of  SCX~— 
ami  the  rise  in  the  Ktb  was  not  striking.  It  may  be  that  Wollman  and  Heed 
did  not  observe  a  decreased  C'  niT  after  SCX~  admini.stration  beeau.se  their 

’  \Vc  arc  greatly  indebted  by  Dr.  James  ().  Osburii  (Department  of  Chemical  Engi¬ 
ne  .ng)  and  Dr.  Harold  W,  Shiptonand  his  staff  (Medical  Electronics)  for  their  invalu- 
ahl.  assistance. 
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Kic;.  1.  Effect  (»f  various  anions  on  tlio  etiuilibration  of  radioiodide  between  blooil  :iii<l 
thyroid.  The  Juindiers  aloii}?  the  abscissae  indicate  minutes  after  injection.  See  text 
for  syinl)ols  not  e.xplaiiu'il  in  the  figure.  I  a  and  II  a:  control  Kroui)s;  I  b:  lower  do.-  of 
S('X~;  I  c:  higher  dose  (»f  S('X~;  II  b:  stable  I~;  II  c:  CIO4.  Dosages  are  given  in 
Materials  an<l  Metluxls  section. 


animals,  unlike  ours,  had  not  received  chronic  PTU  treatment,  and  their 
controls  therefore  did  not  show  C  iut  values  as  high  as  tho.se  of  the  con  rol 
rats  in  this  study.  It  is  very  likely  that  higher  do.ses  of  SCN~  (or  equ  lly 
effective  doses  of  .stable  1“  and  Cl()4~)  would  have  depre.ssed  the  ('  iut 
under  their  experimental  conditions  as  they  did  under  ours. 

In  addition  to  their  two-compartment  model  of  the  thyroid,  which  1  loy 
u.sed  in  estimating  constants  for  a  variety  of  experimental  conditi  ns, 
Wollman  and  Heed  also  considered  (and  appeared  to  favor)  a  three-(  'iii- 
partment  model,  in  which  one  compartment  represents  the  cells  and  in- 
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)ther  the  follicular  lumen,  and  C  nij  is  a  measure  of  iodide  flux  from  blood 
nto  the  adjacent  end  of  the  thyroid  cell.  They  showed  that  the  three-eom- 
oartment  model  yields  the  same  equation  as  the  two-compartment  model  if 
ixlide  concentration  is  substantially  higher  in  the  lumen  than  in  the  cell. 
.Vhereas,  however,  in  the  case  of  the  two-compartment  model  an  increase 
\  the  Ktb,  such  as  that  observed  after  SCN“  administration,  would  indi- 
ate  an  enhanced  rate  of  exit  of  iodide  from  its  thyroidal  site  of  maximum 
oncentration,  in  the  case  of  the  three-compartment  model  inhibition  of 
idide  transport  from  cell  to  lumen  would  also  raise  the  Ktb.  Wollman  and 
deed  considered  it  likely  that  SCX“  competes  with  iodide  for  a  carrier  at 
I  he  apical  end  of  the  thyroid  cell,  and  that  the  basal  portion  of  the  cell 
inembrane  is  neither  directly  involved  in  the  concentration  of  iodide  nor  a 
Mte  of  action  of  SCN“. 

The  anatomical  interpretation  which  Wollman  and  Heed  gave  their 
ihree-compartment  model  cannot  be  proved  or  disproved  at  thi.s  time,  but 
can  be  used  as  a  working  hypothesis.  If  this  is  done,  however,  objections 
arise  to  the  idea  that  the  base  of  the  thyroid  cell  is  not  rc'sponsible  for  the 
concentration  of  iodide. 

Our  finding  of  a  marked  reduction  of  the  C  nix  under  the  influence  of 
SOX“,  stable  I~  and  Cl()4~  strongly  suggests  that  unidirectional  thyroiflal 
iodide  clearance  does  involve  transport  by  carrier,  and  is  oidy  compatible 
with  Wollman  and  Heed’s  anatomical  interpretation  of  the  three-compart- 
incnt  model  if  o!ie  assumes  that  the  passage  of  iodide  from  blood  into  the 
l)ase  of  the  thyroid  cell  is  an  active  process.  The  presence  of  another  iodide 
carrier  at  the  apex  of  the  cell  is  possible,  and  diminution  of  its  efficiency 
could  be  reflected  by  an  augmentation  of  the  Ktb-  But  when  the  Ktb  rises 
after  the  administration  of  SCX“,  there  is  no  clear-cut  dose-response  rela¬ 
tionship,  nor  is  this  rise  nearly  as  spectacular  as  the  fall  of  the  (’  iut  when 
high  enough  doses  of  SCX~,  stable  I~  or  Cl()4~  are  given  to  depress  the  T/S 
markedly.  This  is  hard  to  reconcile  with  the  idea  of  an  apical  iodide  carrier 
that  is  competitively  inhibited  by  SCX“  and  Cl()4“,  and  saturated  by  stable 
1“,  the  same  way  the  basal  carrier  seems  to  be. 

An  alternate  hypothesis  utilizes  Wollman  and  Heed’s  two-compartment 
model  and  envisages  only  one  iodide  carrier  site  in  the  thyroid.  Doniach 
and  Logothetopoulos’s  (R)  observations  suggest  that  the  main  region  of 
ioilide  concentration  in  the  blocked  thyroid  is  the  follicular  lumen  rather 
than  the  cell.  The  single  carrier  would  thus  have  to  be  situated  in  the  apex 
of  ’he  thyroid  celt.  Its  activation  by  TSII,  inhibition  by  SCX“  and  (^(>4“, 
and  saturation  by  stable  I~,  would  be  largely  responsible  for  the  changes  in 
th'  C  iut  which  the.se  .sub.stances  bring  about.  Increa.ses  in  the  Ktb  elicited 
h>  TSII,  thiouracil,  SCX~  (1)  or  related  anions  could  be  due  to  an  en- 
ha  iced  permeability  of  .some  part  of  the  thyroid  cell  or  of  the  surrounding 
gi‘  und  .substance  to  iodide  leaving  the  site  of  its  highest  concentration 
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(presumably  by  diffusion).  Tliis  hypothesis  does  not  appear  to  be  contra¬ 
dicted  by  any  known  facts,  and  may  have  at  least  heuristic  merit. 
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UKLATlOXSniP  OF  THE  ADRENAL  MEDULLA  TO  THE 
HYPERGLY(’EM1('  EFFFXT  OF  GLU('AGON‘ 

EDWARD  .1.  SARCIOXE,  JOSEPH  E.  SOKAL 
AM)  KOliXEL  E.  (JEPiSZl 

Division  of  Medicine,  Hosivell  Park  Memorial  Institute,  Huffalo,  Xeio  York 
AliSTKACT 

The  effect  of  intravenously  aclininistered  glucagon  (0.4  mg.,  kg.)  on  tlie  blood 
glucose  level  was  studied  in  normal,  adreno-demedullated  and  dihydroergotam- 
ine  (l)HE)-treated  rats.  Glucagon  produced  little  or  no  change  in  blood 
sugar  values  among  adreno-demedullated  rats,  in  contrast  to  the  distinct  rise 
j)roduced  in  normal  animals.  DUE  treatment  greatly  <liminished  the  hypergly- 
( emic  response  of  normal  animals  to  glucagon  injection.  The  failure  of  glucagon 
to  induce  hyperglycemia  in  adreno-demedullated  or  DHE-treated  rats  was 
shown  not  to  be  due  either  to  lack  of  initial  glycogen  stores  or  to  failure  of 
glucagon  to  induce  he])atic  glycogenolysis.  In  a  rei)lacement  experiment,  sub¬ 
cutaneously  injected  epinei)hrine  (.05  mg.  kg.)  re.stored  the  'liyi)erglycemic 
response  of  adreno-demedullated  animals  to  glucagon.  It  is  concluded  tliat  de¬ 
pression  of  the  rate  of  peripheral  glucose  ujjtake  by  epinephrine  action  is  a 
prerecjuisitc'  for  the  hyi)erglycemic  eff(‘ct  of  glucagon,  tliough  not  for  its  gly¬ 
cogenolytic  action. 

Glucagon  induced  a  snnill  increase  in  muscle  glycogen  among  adreno- 
demedullated  animals  but  not  in  normal  or  I)HE-treate<l  animals. 

The  hyperglycemic  respon.se  to  intravenously  injected  glucagon  has 
been  well  documented  in  humans  and  in  animals  of  several  species, 
and  is  u.sed  routinely  as  evidence  of  the  hepatic  glycogenolysis  induced  by 
this  agent.  However,  the  influence  of  endocrine  alterations  on  this  effect 
of  glucagon  is  not  as  well  established.  Burger  (1)  reported  that  the  bilateral 
removal  of  the  adrenal  glands  did  not  inhibit  the  hyperglycemic  response 


to  glucagon-containing  in.sulin  in  dogs.  On  the  other  hand,  Wei.sburg  vl  al. 
(2)  concluded  that,  in  addition  to  adetpiate  liver  glycogen  stores,  .some 
factor  from  the  adrenal  gland  was  neces.sary  for  the  hyperglycemic  action 
of  glucagon  to  be  evident  in  rabbits.  We  have  ob.served  that  subcutaneous 
administration  of  glucagon  failed  to  increase  the  blood  glucose  of  adreno- 
demedullated  rats,  although  glycogen  depletion  occurred 

'file  purpo.se  of  the  present  study  was  to  determine  the  relation  of 
aduMial  medullary  activity  to  the  hyperglycemic  effect  of  glucagon. 

METHODS 

Male  Spraguc-Dawlcy  rats  weighing  20()-2b()  gm.  w(‘rc  us(>(l.  Hilatcral  adreno- 
•Icii'  (lullation  was  carried  out  via  the  lumbar  ai)])roach  and  the  animals  were  uscsl  H 

l.i  ceiv(>(l  .January  25,  19(jl). 

‘  This  investigation  was  sujjpc.rted  in  part  by  grant  A-l()4()  of  the  National  Institutes 
of  bealth,  U.  S.  Public  Health  Service. 
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(lays  postojjeratively.  This  interval,  which  is  shorter  than  that  used  b}’  most  investi- 
>!:ators,  was  selectid  in  order  to  make  certain  that  the  experiments  would  not  he  vitiated 
by  regeneration  of  adrenal  medullary  tissue.  The  integritj'  of  the  adrenal  cortex  wa> 
demonstrated  by  the  fact  that  the  animals  did  well  without  saline  supplementation  and 
by  histological  examination  of  the  adrenals  in  one  group  of  animals. 

Rats  were  fasted  for  24  hours,  then  fed  7.5  gm.  glucose  per  kg.  body  weight  by 
stomach  tube,  and  5  hours  were  allowed  for  glycogen  deposition.  Crystalline  glucagon, 
0.4  mg.  2.0  ml.,  kg.  body  weight,  was  then  administered  intravenously  via  the  tail 
vein,  without  anesthesia.  Blood  glucose  values  were  determined  on  tail  blood  befon 
glucagon  injection  and  at  10  to  15-minute  intervals  thereafter,  using  the  Nelson  method 
(4).  Controls  received  isotonic  saline.  Liver  specimens  were  obtained  under  Nembutal 
anesthesia  one  hour  after  glucagon  administration  and  glycogen  was  determined  b\ 
the  method  of  Good,  Kramer  and  Somogyi  (5),  using  the  Nelson  method  to  determine 
glucose  after  hydrolysis.  In  a  jin'Mininary  experiment,  a  comi)arison  of  sham-operated 
to  normal  animals  revealed  no  differences  attributable  to  surgery;  hence  for  conven¬ 
ience,  normal  animals  were  used  as  controls  in  the  majority  of  the  experiments  reported. 
Controls  included  normal  and  adrenodemedullated  animals  injected  with  glucagon,  as 
well  as  animals  injected  with  saline,  in  all  appropriate  experiments. 

In  studies  of  adrenergic  blockade  among  normal  animals,  dihydroergotamine  (I)HE) 
methanesulfonate  (Sandoz),  2  mg.  kg.  per  injection,  was  administered  at  15-minute 
intervals.  The  initial  intravenous  DHE  injection  was  given  5  minutes  prior  to  intra¬ 
venous  injection  of  glucagon  (0.4  mg.  kg.)  or  saline.  Subsequent  injections  of  DHI'] 
were  given  intrai)eritoneally.  Blood  gluco.se  and  liver  glycogen  values  were  determined  by 
the  methods  described  above. 

The  ei)inephrine  used  in  rejdacement  experiments  was  Adrenaline  Chloride  1:10()() 
(Parke,  Davis  &  Co.)  which,  according  to  the  manufacturer,  contains  less  than  one 
part  per  million  of  norepinephrine. 


RESULTS 

Tlie  changes  in  blootl  glucose  values  and  their  .standard  errors  following 
the  intravenous  administration  of  crystalline  glucagon  to  normal  and 
adreno-demedullated  rats  are  shown  in  Figure  1.  The  mean  initial  blood 
gluco.se  concentrations,  in  mgm,  for  each  group  were  as  follows:  Normal- 
glucagon,  9S.();  adreno-demedullated-glucagon,  SO. 7;  normal-saline,  87.0; 
and  adreno-demedullated-saline,  108.0.  In  normal  animals,  glucagon  in¬ 
duced  a  prompt  ri.se  in  blood  glucose,  with  peak  levels  reached  20  to  1.) 
minutes  after  injection.  These  findings  are  in  agreement  with  tho.se  re¬ 
ported  by  many  other  investigators.  In  adreno-demedullated  animals,  how¬ 
ever,  little  or  no  rise  in  blood  gluco.se  occurred.  Even  the  peak  value,  at 
20  minutes,  was  not  significantly  different  from  that  of  saline-injeO  al 
normal  animals  (0.1  <P<0.2).  The  changes  in  blood  glucose  among  c'li- 
cagon-injected  demedullated  animals  are  significantly  different  from  th  <e 
of  glucagon-injected  normal  animals  at  each  interval  from  10-60  minu'  's. 
The  differences  from  10-50  minutes  were  significant  at  the  1%  level,  wi  de 
the  difference  at  60  minutes  was  significant  at  the  5%  level.  Normal  :  li- 

-  The  glucagon  uschI  (lot  No.  CT-871)  was  generously  suppliefl  by  I)rs.  W.  R.  Kii  ey 
and  O.  K.  Behrens  of  Eli  Lilly  Research  Laboratories,  Indianapolis. 
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Fig.  1.  C'omparison  of  tlic  moan  blood  }j;lucos(‘  chansos  followinf;  intravenous  injee- 
tion  of  KbieaKon  or  saline  into  adreno-deinedullated  or  normal  rats.  Figures  in  jiaren- 
tliesis  refer  to  the  number  of  animals.  Vertical  lines  rejire.sent  .standard  errors. 

inals  injected  with  saline  showed  no  change  in  l)lood  ghico.se,  while  the 
adreno-demedullated  controls  showed  a  .slight  decrease. 

Table  1  presents  the  liver  and  muscle  glycogen  values  of  these  animals. 
It  is  evident  that  adequate  liver  glycogen  deposition  had  occurred  in  both 
adreno-demedullated  and  normal  control  animals.  The  small  difference  in 
liver  glycogen  levels  between  normal  and  adreno-demedullated  animals  is 
one  we  have  observed  before.  In  both  groups  of  animals,  a  marked  decline 
in  liver  glycogen  was  found  after  glucagon  injection.  Thus,  the  failure  of 
glucagon  to  induce  hyperglycemia  among  the  adreno-demedullated  animals 
ciuinot  be  ascribed  either  to  a  lack  of  liver  glycogen  initially  or  to  a  failure 
of  glucagon  in  induce  hepatic  glycogenolysis.  It  appears,  therefore,  that 
piesence  of  the  adrenal  medulla  was  necessary  for  the  hyperglycemic  effect 
0!  glucagon  to  be  manifest. 

In  the  next  .series  of  experiments,  the  effects  of  adrenergic  blockade  on 
glucagon  hyperglycemia  were  investigated.  The  experiments  were  con¬ 
ducted  as  before.  Instead  of  adreno-demedullated  animals,  normal  animals 
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TaBI.K  1.  LiVKK  AM)  MI  SCI.K  (il.YCOCEX  AFTER  (iH  l  ACOX  INJECTIOX  INTU 
NORMAL  AM)  Al)REXO-l)EMEI)l'LLATEl)  RATS 


tX  peri  mental  group 

X«.  j 
ani¬ 
mals 

(ilueagon  ;  Time 
(lose  !  after 
(mg./  glucagon 
kg.)  admin. 

Liver 
glycogen 
p(‘r  cent 
±S.E. 

Muscle 
glycogen 
per  cent 
±S.E. 

Xormal  Saline  control 

tt 

'  1  hr. 

3. 10  +  0. 1.") 

0.03  +  0.04 

Xormal  ('■lueagoii 

it 

0.4  1  hr. 

t)  .  45  +  0. 13 

0.08  +  0.04 

Adrenodeined.  Saline  control 

10 

1  hr. 

•2.50  +  0.10 

0.02  +  0.05 

.Vdrenodemed.  (dueagon 

I.T 

0.4  1  hr. 

0.28  ±0.08 

0.07  ±0.04 

treattni  witli  (lihydroergotaniiiie  (I)HK),  a  known  adrenergic  l)loeking 
agent,  were  used.  Controls  included  animals  treated  with  Dill']  alone  as 
well  as  animals  injected  with  saline.  The  etl'ects  on  blood  glucose  are  shown 
in  Figure  2.  The  mean  initial  blood  glucose  concentrations,  in  mg%,  for 
each  group  were  as  follows;  Xormal-glucagon,  SO.o;  glucagon-DllF,  S;b7' 
normal-I)lII‘],  S0.();  normal-saline,  95. S.  DHF  treatment  greatly  dimin¬ 
ished  the  hyperglycemic  response  of  normal  animals  to  glucagon  injection. 
The  blood  glucose  levels  of  the  1)111*]  treated  animals  injected  with  gluca- 


MINUTES  AFTER  GLUCAGON  INJECTION 

Fig.  2.  (V)ini)arison  of  the  moan  blood  sluooso  ohangos  following  intravenous  inj 
tion  of  glucagon  or  saline  into  normal  or  dihydroergotamine  injeetc'd  rats.  Figure.'  i 
parenthesis  refer  to  the  number  of  animals.  Vertical  lines  represent  standard  error- 
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goii  Avere  sifiiiificantly  lower  tlian  those  of  animals  receivinp;  f5hieafi:on  alone 
at  30  minutes  (P<().()1)  and  at  40  minutes  (0.01  <P<0.0‘2).  DHl'^  treat¬ 
ment  alone  had  no  significant  effect  on  the  blood  glucose.  The  results  of 
glycogen  analy.ses  are  shown  in  Table  2.  Again  it  is  noted  that  adeejuate 
liver  glycogen  levels  were  present  initially  and  that  glucagon  had  exerted 
its  usual  glycogenolytic  effect. 

To  test  the  hypothesis  that  epinephrine  .secretion  is  nece.s.sary  for  the 
hyperglycemic  response  to  glucagon  to  be  manifest,  a  replacement  experi- 
aient  was  carried  out,  using  adreno-demedullated  rats.  An  amount  of 
‘pinephrine  which  ha<l  been  shown  by  preliminary  experiments  to  produce 
little  or  no  hyperglycemia  or  glycogenolysis  (0.0.")  mg. /kg.)  was  injected 
'Ubcutaneously  into  adreno-demedullated  rats  prepared  as  before.  Thirty 


Table  2.  Liver  and  ml.scle  ciLYcofiEN  after  clitacon  ismection  into 

NORMAL  AN  D  DI  H  YDROERGOTAMINE  TREATED  RATS 


No. 

I'AiMTiincntal  groii])  ' 

Dials 

( Wiicagon 
(lose 
nitt  / 

kK- 

Diliydrocr- 
ftotaminc  ' 
total 
(lose* 
111)5.  kn. 

Tini(‘ 

after 

)5liicagon 

admin. 

Liver  .Musch* 

Klycogen  glycogen 

per  cent  per  cent 

±S.K.  i  +S.H. 

Normal 

Saliiio  control  S 

-  1 

1  - 

1  hr. 

1.05  +  0.2:1  0. 55 +  0.00 

Normal 

(Jlucanon  8 

0.4 

I  - -  ' 

!  1  hr. 

0.12  +  0.07  0.. 55 +  0.05 

Normal 

1 )  11 K  control  H 

0.0 

'  1  hr. 

2.12  +  0.22  0.40  +  0.04 

-Normal 

(llucagon,  DllH  12 

0.4 

0.0 

!  1  hr. 

0.14  +  0.07  0.57  +  0.05 

*  DiliydnK'rgotaiiiiiu*  moOuinosulfonate  (Saiidoz) — Three  injections  of  2.0  mg. /kg. /in 
jection. 


minutes  later  glucagon  was  injected  intravenously.  Control  groups  of 
adreno-demetlullated  rats  received  either  glucagon  alone,  epinephrine 
alone,  or  saline.  A  total  of  four  experiments  of  this  type  were  performed. 
In  three  of  them,  we  succeeded  in  reproducing  the  blood  glucose  curve  of 
the  normal  glucagon-treated  animal.  The  data  from  these  three  experi¬ 
ments  are  presented  in  Figure  3  and  Table  3.  The  mean  initial  blood  ghi- 
co.se  concentrations,  in  mg.%,  for  each  group  were  as  follows:  Xormal- 
gliicagon,  110.0;  saline-glucagon,  04.4;  epinephrine-saline,  lll.S;  saline- 
saline,  93.8.  (Jlucagon  or  epinephrine  alone  produced  only  slight  transient 
changes  in  blood  gluco.se  when  injected  into  adreno-demedullated  rats. 
This  contrasts  with  the  une(iuivocal  rise  in  blood  glucose  produced  by  a 
combination  of  epinephrine  and  glucagon.  Administration  of  this  small 
(lose  of  epinephrine  restored  the  hyperglycemic  response  of  demedullated 
animals  to  glucagon  and  resulted  in  blood  gluco.se  curves  similar  to  those 
shown  in  Figures  1  and  2  for  normal  glucagon-injected  rats.  The  changes 
ill  blood  glucose  produced  by  epinephrine  plus  glucagon  were  significantly 
(1  "ferent  from  the  values  after  injection  of  glucagon  alone  at  all  time 
imervals  from  10-00  minutes  (P<.0.o).  Adreno-demedullated  animals  in- 
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MIN.  AFTER  INJECTION 

Fic.  3.  Coniparison  of  tlic  moan  blood  ulucoso  channos  follow  iiin  injection  of  ulucanon 
and  or  (‘pinephriiic  into  adrcno-dt'nK'dullatcd  rats.  Figures  in  i)arenthesis  refer  to  tin 
number  of  animals.  Vertical  lines  represent  standard  errors. 


T.ABI.K  3.  laVKK  A.Mi  .Mi;s<  I.K  fil.YCO(;E.\  .\KTKR  GLUC:.\(;o.N  AXI)/oR  EPINEPHRINE 
INJECTION  INTO  .\I)RENO-I)EMEI)I'I,I.ATED  RATS 


KxiM'fi mental  group 

Xo. 

ani¬ 

mals 

Epineph¬ 
rine  dose 
mg. /kg. 

(llucagon 

dose 

mg./kg. 

Time 

after 

glucagon 

admin. 

Liver 
glycogen 
per  cent 
+  S.E. 

.Muscle 
glycogen 
per  cent 
±S.E. 

Saline  — Saline 

9 

_ 

_ 

1  hour 

2.50  +  0. 15 

0.63  +  0.0.'. 

Saline  —  (llucaKon 

9 

— 

0.4 

1  hour 

0.39  +  0.13 

0.71+0.0:! 

Epinejihrine  -Saline 

8 

0.05 

— 

1  hour 

2.47  +  0.10 

0.47  +  0.07 

Epinephrine — (Jlucagon 

9 

0.05 

0.4 

1  hour 

0.54  +  0.12 

0.62  +  0.0t 

I 


September,  1960 


GLUCAGON  H YPERGLYCEM I A 


343 


jected  with  saline  showed  a  continuing  decline  in  hlood  glucose  similar  to 
that  seen  in  Figure  1. 

Appropriate  muscle  glycogen  values  from  Tables  1,  2  and  3  were  pooled 
for  statistical  analyses.  Cllucagon  did  not  produce  a  significant  change  in 
muscle  glycogen  levels  of  normal  animals  (Tables  1  and  2),  when  compared 
to  saline-injected  normal  controls  (P>.0o).  Similarly,  no  significant 
change  in  muscle  glycogen  was  produced  by  glucagon  among  DIIF-treated 
animals,  as  compared  to  DHIvtreated  controls  (Table  2).  Cllucagon  did, 
however,  induce  a  small  but  significant  increase  (P<.0o)  in  muscle  gly¬ 
cogen  among  adreno-demedullated  animals,  as  compared  to  saline-injected 
controls.  In  the  replacement  experiments  with  adreno-demedullated  ani¬ 
mals  (Table  If),  although  epinephrine  alone  produced  no  significant  change 
in  liver  glycogen,  it  did  induce  a  significant  decline  in  muscle  glycogen, 
as  compared  to  saline-injected  controls  (P  <.()")).  The  greater  sensitivity 
of  muscle  than  liver  glycogen  to  epinephrine  has  been  described  before  (b). 
It  is  of  interest  that  when  both  epinephrine  and  glucagon  were  given,  the 
muscle  glycogen  levels  did  not  differ  from  those  of  salim‘-in jected  controls. 

DISCUSSION 

The  blood  glucose  response  to  injection  of  glucagon  represents  a  useful 
and  convenient  index  of  the  hepatic  glycogenolysis  induced  by  this  agent, 
llowev’er,  it  has  been  demonstrated  that  rapid  hepatic  glycogenolysis  may 
occur  without  a  significant  elevation  of  blood  glucose  (If).  Other  conditions 
under  which  glucagon  fails  to  elicit  a  hyperglycemic  response  have  been 
summarized  by  Weisenfeld  (7).  The  present  study  has  elucidated  an  addi¬ 
tional  cause  of  atypical  blood  glucose  response  following  intravenous 
glucagon  injection.  It  is  evident  from  the  data  in  Tables  1,  2  and  If  that 
failure  to  observe  hyperglycemia  following  glucagon  injection  into  adreno- 
demedullated  or  Dlllvtreated  rats  was  due  neither  to  lack  of  initial  gly¬ 
cogen  stores  nor  to  failure  of  glucagon  to  induce  hepatic  glycogenolysis. 
Hence,  it  is  concluded  that  normal  adrenal  medullary  activity  is  a  pre- 
rcipiisite  for  the  hyperglycemic  effect  of  glucagon,  though  not  for  its  gly¬ 
cogenolytic  action. 

Based  on  the  diminished  hyperglycemic  response  produced  by  glucagon 
iti  normal  rats  treated  with  DHF,  a  known  adrenergic  blocking  agent,  and 
the  observation  that  exogenous  epinephrine  can  restore  the  hyperglycemic 
response  to  glucagon  in  adreno-demedullated  animals,  it  appears  reason- 
al)le  to  conclude  that  epinephrine  is  the  hormone  required  for  glucagon 
livperglycemia.  Our  experiments  with  adreno-demedullated  rats  satisfy  the 
classic  criteria  for  the  demonstration  of  an  endocrine  effect.  A  deviation 
from  the  normal  was  produced  by  ablation  of  an  endocrine  organ,  and 
Ihe  normal  state  was  reproduced  by  administration  of  the  appropriate 
endocrine  product. 

I 
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Since  hepatic  slycogenolysis  was  not  inlhl)ite(l  in  adreno-deniedullated 
rats  injected  with  glucagon,  the  action  of  epinephrine  must  have  been 
on  tlie  periphery,  to  depress  the  increased  glucose  removal  that  would 
otherwise  accompany  glucagoti-induced  glycogenolysis  in  these  animals. 
Although  there  is  not  complete  agreement  on  this  subject,  a  considerable 
body  of  evidence  has  been  presented  that  epinephrine  diminishes  the  up¬ 
take  of  glucose  by  the  peripheral  tissues  (8,  9,  10,  11).  The  arguments  for 
and  against  this  view  have  been  reviewed  (12, 18).  Also,  it  has  been  re¬ 
ported  that  epinephrine  causes  a  discharge  of  pituitary  and  adrenal  hor¬ 
mones  (14).  These  hormones  are  believed  to  depress  the  peripheral  up¬ 
take  of  glucose  (15,  10,  17).  Thus,  the  possibility  exists  that  an  indirect 
mechanism  might  play  some  role  in  decreasing  the  uptake  of  glucose  in 
the  present  experiments.  Hither  a  direct  or  an  indirect  action  of  epineph¬ 
rine  would  explain  our  experimental  findings. 

I'ipinephrine  coidd  play  a  role  in  glucagon  hyperglycemia  in  two  ways: 

(a)  It  is  possible  that  a  normal  circulating  epinephrine  level  permits 
hyperglycemia  to  occur  after  glucagon  injection  by  acting  as  a 
“brake”  against  the  very  rapid  increase  in  glucose  disposal  which 
would  be  recjuired  to  prevent  a  sharp  rise  in  blood  glucose. 

(b)  On  the  other  hand,  glucagon  injection  may  itself  .stimulate  epineph¬ 
rine  secretion  by  the  adrenal,  and  the  observed  effects  might  Ik' 
due  to  increased,  rather  than  normal,  circulating  levels  of  this 
hormone. 

The  reports  that  glucagon  does  not  have  the  effects  on  blood  pre.ssiire  and 
pulse  that  occur  after  epinephrine  injections  (IS)  might  appear  to  militate* 
against  a  stimulation  of  endogenous  epinephrine  release  by  glucagon. 
However,  Cori  ct  al.  (If))  have  examined  the  relative  sensitivity  of  the 
blood  pressure  and  the  blood  glucose  level  to  epinephrine  and  have  demon¬ 
strated  that  hyperglycemia  occurs  at  doses  that  do  not  affect  blood  pres¬ 
sure.  Our  previous  report  that  .subcutaneous  injections  of  glucagon  do  not 
induce  hyperglycemia  in  normal  animals  despite  the  fact  that  the  magni¬ 
tude  of  hepatic  glycogenoly.sis  was  similar  to  that  produced  by  intraperi- 
toneal  and  intravenous  injections  (8)  favors  hypothesis  (b).  If  only  normal 
circulating  epinephrine  levels  were  needed  to  obtain  glucagon  hypergly¬ 
cemia,  such  hyperglycemia  .should  be  ob.served  after  subcutaneous  injection 
as  well.  It  seems  likely,  therefore,  that  active  epinephrine  .secretion 
stimulated  by  intravenous  or  intraperitoneal  injections  of  moderate  dose  - 
of  glucagon,  though  not  by  .subcutaneous  injections.  Pre.sumably  th  • 
latter  route  of  glucagon  administration  does  not  result  in  .sufficiently  hij;  i 
blood  levels  to  cause  adrenal  medullary  .stimulation.  Recently,  Davidso  , 
et  (il.  (20,  21)  reported  that  .subcutaneous  injections  of  glucagon  produce  i 
a  85%  increase  in  the  oxjgen  consumption  of  rats,  which  was  reduced  » 
approximately  12%  by  adreno-demedullation  or  by  pre-treatment  wii  i 
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1)111'^  However,  the  dose  of  crystalline  "lucagon  injected  by  the.se  investi- 
ffators  (.')  nifj;.  kf?.)  wa-s  approximately  12  times  the  amount  used  in  our 
experiments  and  could  easily  have  resulted  in  sufficiently  hif>:h  blood  levels 
to  cause  adrenal  medullary  stimulation. 

The  data  of  Davidson  d  (iL,  as  well  as  our  own  experiments,  .support 
the  .sugfjestion  of  a  relation  between  glucason  and  epinephrine,  but  the 
full  evaluation  of  this  remains  to  be  determined.  However,  it  is  presented 
as  a  working  hypothesis  that  intravenous  or  intra peritoneal  injections  of 
glucagon,  in  the  do.se  range  we  have  used,  stimulate  the  release  of  epineph¬ 
rine  from  the  adrenal  medulla.  With  sufficiently  high  do.ses,  such  stimu¬ 
lation  will  also  be  induced  by  subcutaneous  glucagon  injections.  This 
epinephrine  release  is  not  of  sufficient  magnitude  to  induce  liver  or  muscle 
glycogenolysis  or  cardiovascular  effects,  but  is  enough  to  depress  the  rate 
of  peripheral  glucose  utilization  so  that  part  of  the  glucose  released  by 
the  liver  remains  in  the  circulation  and  a  hyperglycemic  response  is  ob¬ 
served. 

I'dlis  ft  a\.  (22)  have  presented  data  indicating  that  DHh'.  blocks  the 
hyperglycemic  effect  of  epinephrine,  but  does  not  interfere  with  glucagon 
hyperglycemia,  in  the  rabbit.  These  data  have  been  widely  (pioted  and 
DHK  is  used  by  many  investigators  to  differentiate  between  glucagon  and 
epinephrine  effects  in  vivo.  For  example,  Sirek  vt  al.  recently  concluded 
that  hyperglycemia  produced  by  blood  from  the  pancreaticoduodenal  vein 
of  growth  hormone-treated  dogs  was  not  due  to  a  glucagon-like  substance, 
since  it  was  abolished  by  Dili*'.  The  results  of  the  pre.sent  experiments 
indicate  that  caution  should  be  exercised  in  interpreting  data  when  Dllhi 
is  used  to  differentiate  between  the  effects  of  epinephrine  and  glucagon. 
Findings  similar  to  tho.se  we  have  observed  in  the  rat  might  also  be  ob¬ 
tained  in  other  species,  especially  if  larger  doses  of  DHIO  are  used. 
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of  brainstem  lesions  on  stress-induced 

('ORTICOSTEROID  RELEASE  IN  FEMALE  RATS' 

MAHOAHFT  A.  SLUSHEH 
with  tlie  technical  assistance  of  joa\  thousox 

l)( imrtincnts  of  Auntooij/  and  PItifsiologiral  Chcmistnj,  School  of  Medicine  and 
rniversity  of  California  Medical  Center,  Los  Angeles,  California 

AltSTRAt  T 

Five  (lays  after  unilateral  adrenalectomy  and  i)laeement  of  brainstem 
h'sions,  U)  9  rats  wen*  subji'ctcal  to  lajjarotomy  and  adnmal  vein  eannulation. 
Kffluent  corticosteroid  lev('ls,  as  nnaisured  ehromatosraphieally  and  eolori- 
metrieally,  varied  relative  to  the  l(*sion  site.  .\t  the  rostral  j)ons  level,  dorsal  as 
well  as  ventral  tegmental  lesions  were  associated  with  high  initjal  (0-15  min¬ 
utes)  release  levels  of  corticosteroids  into  the  adrenal  venous  effluent.  Dorsal 
tegmental  lesions  were  associated  with  an  augment(‘(l  corticosteroid  release 
following  acute  stre.ss  while  ventral  tegmental  h'sions  iidiibit(‘d  this  res])onse. 
X('ither  lesion  site  significantly  altered  compensatory  adrenal  hypertroi)hy. 

C CHRONIC'  l)raiii.stem  lesions  at  tlie  level  of  the  rostral  pons  have  been 
fonnd  to  increa.se  corticosteroids  in  total  dO-niinntc  adrenal  venous 
ciHuents  following;  acute  stress  of  laparotomy  (1).  The  (juestion  arose 
whether  the.se  hig:h  levels  of  corticosteroids  recovered  repre.sentefl  1)  acute 
si re.s.s-induced  increa.sed  corticosteroid  relea.se,  or  2)  initially  elevated  and 
sustained  high  circulating;  levels  of  steroid  due  to  removal  of  brainstem 
ai(>a.s  related  to  inhibition  of  ACTII  release.  In  previous  experiments, 
rats  given  Nembutal  (sodium  pentobarbital)  relca.sed  more  corticosteroids 
(luring  the  15  to  dO-minute  adrenal  effluent  collection  period  than  during 
the  preceding  0  to  15-minute  post-cannulation  period  (2).  It  was  suggested 
that  this  phenomenon  could  be  explained  partly  as  an  early  inhibition  of 
AC'TII  relea.se  by  the  action  of  the  anesthetic,  the  increased  relea.se  in 
th(‘  15  to  :i()-minute  interval  representing  a  delayed  stres.s-induced  respon.se 
to  laparotomy.  Sayers  (.‘1)  has  also  noted  an  inhibitory  effect  of  .sodium 
pi  iitobarbital  on  release  of  ACTII.  The  pre.sent  studies  were  designed  to 
(Id ermine  if  rats  with  posterior  brainstem  lesions  given  Nembutal  exhib¬ 
ited  this  delayed  stre.ss-induced  relea.se  of  corticosteroids  in  response  to 
lafiarotomy.  In  addition  an  effort  was  made  to  a.s.sess  the  possible  influence 
of  brainstem  areas  on  hypohyseal  mechanisms  concerned  with  the  phenom¬ 
enon  of  compensatory  adrenal  hypertrophy. 

U(‘(*(‘iv(*d  F(‘l)ruary  1,  1900. 

•Vided  l)y  a  contract  between  the  Office  of  Naval  Re.searcli,  Department  of  the  Navy 
an  the  t'niversity  of  California  (NONR  233  (33));  Divi.sion  of  Research  (Irants,  Na- 
tid  al  Institut(‘s  of  Health  (RG-.3809)  and  (2M-641.5). 
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MATERIALS  AND  METHODS 

Adult  fcinali'  Sprague- Daw  ley  rats  (weiKhiiif!;  200  2o0  nin.)  obtained  from  our  ow  i 
breediiifi  eolony  were  used  iu  these  experiments,  ('oafiulatiug  lesions  were  placed  in  ti  e 
hrainstmn  under  eonditions  as  reported  previously  (1)  and  immediately  the  rif^ht  adreii  d 
was  removed  and  weifihed.  One  e«)ntrol  uroni)  was  ineluded  where  unilateral  adreiia  - 
eetomy  was  performed  4  days  pn'-eaiinulation;  in  a  second  control  group  the  rigi  t 
adrenal  was  removed  at  the  time  of  lai)arotomy.  Thus,  differences  in  release  levels  of 
corticosteroids  from  a  single  adrenal  in  a  state  of  comi)ensatory  hyi)ertrophy  could  he 
assessed  and  com])an‘d  with  release  levels  recovered  from  the  effluent  of  a  single  normal 
adrenal. 

Throughout  the  entire  experinn  ntal  period  rats  were  placed  in  individual  cages  in  a 
temperature-controlled  room.  .\11  iphagic  rats  were  force-fed  4  times  daily  with  a  irmli 
protein  diet'*  solution  supidenuMited  with  multivitamins.  .V  glucose-0. 9%  saline 
drinking  water  was  offered  nd  libitum  and  daily  fluid  volume  intake  maintained  when 
necessary  by  force-feeding  the  drinking  solution.  Four  days  iiostoperatively  rats  wa  re 
given  sodium  pentobarbital  (3  mg.  100  gm.  body  weight,  i.p.)  and  15  minutes  later 
lai)arotomy  and  cannulation  of  the  left  adrenal  vein  iierformed  as  i)reviously  described 
(2).  'I'he  total  time  of  surgery  was  no  more  than  3  minutes.  Effluents  were  collected  in 
two  consecutive  15-minute  jjeriods  after  cannulation.  .Vt  the  termination  of  the  last 
collection  the  left  adrenal  was  removed  and  weighed.  Determinations  of  corticosteroids 
by  chromatogra})hic  and  colf)rimetric  methods  as  well  as  procedures  for  processing  of 
each  brain  for  reconstruction  i)urposes  have  been  previously  described  (4).  Selectioim  of 
brain  tissue  were  cut  at  SO  g  and  reconstructions  of  lesions  were  majjped  on  graph  pa|)cr 
in  .sagittal  relationship  as  rei)resented  by  each  3rd  section  at  a  magnification  of  10. 

RESULTS  AND  DISCUSSION 

1.  Effect  of  chronic  and  acute  unilateral  adrenalectomy  on  corticosteroid 
release.  The  female  rat  unilaterally  adrenaleetomized  for  4  days  evidenced 
an  adrenal  eompen.satory  hypertrophy  of  39%  (Table  1,  (Jroup  I).  This 
giroiip  released  an  average  40%  additional  corticosteroid  into  a  total  30- 
niinute  effluent  collection  as  compared  to  the  rat  having  one  adrenal 
removed  at  the  time  of  laparotomy  ((Jroup  II).  The  major  inenase 
(  +  170)  occurred  in  the  l.lto  30-minute  collection  period.  Thus,  the  hyiier- 
trophied  adrenal  in  the  chronic  unilateral  adrenaleetomized  rat  appears 
capable  of  maintaining  normal  .secretory  levels  of  steroids  as  well  as  .'syn¬ 
thesizing  and  or  releasing  (piantities  of  corticoids  in  excess  of  levels  noted 
for  the  acutely  unilateral  adrenaleetomized  rat. 

2.  Ejfect  of  chronic  unilateral  adrenalectomy  and  brainstem  lesions  on  e<  di- 
costeroid  releo.se.  Data  from  rats  with  lesions  were  divided  into  3  catego  ies 
on  the  ba.sis  of  differences  in  recovery  levels  of  adrenal  effluent  cortico-te- 
roids  (Table  1,  (Iroups  III,  IV  and  V).  A  wide  range  of  weight  loss  aid 
compensatory  adrenal  hypertrophy  was  noted  in  all  groups  with  bi  in¬ 
stem  lesions  but  no  correlation  between  the.se  parameters  and  cor'  co¬ 
steroid  relea.se  .seemed  apparent  (Table  1). 

In  (Jroup  III,  levels  for  each  lo-minute  collection  period  were  sin  lar 


“  Xutramigcii:  Protein  hy<lrol\sate  formula,  .Mead  Johnson. 
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Table  1.  Kkeect  of  bkaixstem  lesions  and  imlatekal  adkenalectomy  on 

fORTIfOSTEHOin  RELEASE  AND  COMl’ENSATORY  ADRENAL 
HYl’ERTROPHY  IN  FEMALE  RATS 


To¬ 

tal 

no. 

rats 

Efllufiit 

t 

vorticoids  (total  /it;;.)  t 

% 

••haiiKo 

.Vilrcnal  \vt. 
%  incrcasi' 
loft  over 
liKld 

% 

t?m. 

(ilOlip 

Total 

0  15  min. 

Total 

15  30  min. 

'total 

0  30  min. 

15  30 

0  15 
min. 

cliannv 

body 

\vt. 

1 

liroidc 

8 

11  .»±0.0 

33 . 1 ± 1 . 4 

48.0±2.4t 

+  170 

30.0  +  2.0 

t) 

II 

i 

•uto  I'LAt 

8 

13. 8 ±0.8  , 

10. 1 ± 1 .2 

34.0±2.1  i 

+  30 

— 

— 

III 

sioii  &  ri.A* 

3 

11.8 

20 . 4 

41.2 

+  150 

57 . 5 

-20 

10.0 

37.0 

47 . 0 

+  240 

48.0 

-  It) 

11.8 

20 . 8 

41.0 

+  104 

32.2 

-21 

IV 

■'iion  &  L'l..\* 

3 

30 . 4 

41.4 

71  .8 

+  37 

24 . 0 

-  15 

27.0 

38.0 

05 . 5 

+  40 

33 . 2 

-30 

21  .0 

30.2 

51  .2 

+  47 

.  23 . 1 

-28 

\' 

i 

.(■sioii  A'  I  L.A* 

10 

15.4 

13.4 

28 . 8  1 

-  1 

34.0 

-30 

21.4 

i  8.0 

20.4  ! 

-  03 

24 . 7 

-20 

18.8 

'  7.0 

25 . 8  1 

-  03 

32.3 

-30 

25 . 0 

21.4 

47.0  1 

-  20 

44.5 

-31 

30 . 4 

2 1 . 0 

.58.0 

-  41 

30.it 

-21 

20 . 8 

4.0 

24 . 8 

-  81 

43 . 5 

22.4 

22.8 

45 . 2 

0 

30.0 

-30 

10.0 

10.0 

38.0 

0 

51 . 1 

-20 

20 . 0 

'  18.4 

45.0  i 

-  31 

08.0 

-30 

20 . 2 

10.8 

40.0  1 

0 

:i7 .5 

-2( 

*  Enilutenilly  adrciialectoinizi'd  4  days  pre-laparotoniy. 
t  Uixlit  atlri'iial  removed  at  laparotomy. 

+  S.E.M.  =Staiidard  error  of  mi'aii. 


to  those  noted  in  control  (Jroup  I  (chronic  unilateral  adrenalectoinized) 
(Tal)le  1).  The  area  in  which  lesions  were  placed  (Fi}?.  1,  A)  included  that 
reported  previously  ineffective  in  alterinj!;  total  :iO-ininute  release  levels 
of  corticosteroids  in  the  female  rat  acutely  unilaterally  adrenalectoinized 
(1).  Thus,  although  extensive  lesions  were  placed  in  the  posterior  niidhrain 
control  levels  of  corticosteroids  were  relea.sed  in  response  to  the  stress  of 
laparotomy. 

In  (iroup  IV  and  V  initial  0  to  lo-minute  effluent  levels  of  cortico¬ 
steroids  were  increased  up  to  2  to  R  times  tho.se  noted  for  control  (Jroup 
1  and  (Jroup  III  with  lesions  (Table  1).  (Jroups  IV  and  V  had  in  common 
lesions  in  the  region  of  the  dor.sal  tegmentum  at  the  rostral  pons  level 
(Fig.  1,  B).  This  area  is  comparable  in  localization  with  areas  in  which 
lesions  were  reported  previously  to  induce  a  high  or  augmented  release  of 
coi  1  ico.steroids  in  a  total  80-minute  adrenal  effluent  collection  (1). 

if,  as  previously  suggested,  the  initially  lower  secretory  levels  of  cortico- 
stc  oids  (0  to  lo-minute  period)  ob.served  in  both  the  chronic  and  acutely 


350 


SUSHKR 


Volume  0 


unilateral  atlrenaleetomized  preparations  are  a  result  of  inhibition  of  ACTl 
release  by  Nembutal  aeting  in  part  at  the  anterior  pontine  level,  then  om 
might  expect  that  lesions  in  this  area  would  also  result  in  depression  o 
corticosteroid  recovery  levels.  But  rats  in  (Iroups  IV  and  V  released  hiyi 
levels  of  steroids  for  the  initial  lo-minute  period.  Therefore,  one  migh 
hypothesize  the  following;  a)  the  action  of  Nembutal  is  one  which  .sele( - 
tively  inhibits  fibers  related  to  a  stimulatory  effect  on  release  of  ACTll, 
b)  in  contrast  to  Nembutal,  lesions  at  the  rostral  pontine  level  effectively 


Fkj.  1.  Localization  of  Lrainstcin  lesi(»ns  altering  strcss-intlucc<l  release  of  adrenal 
corticosteroids.  Area  (A)  in  <lashed  outline  resulted  in  normal  corticosterone  releax*, 
(H)  resulted  in  increased  release,  and  ((')  resulted  in  inhibited  release.  .Vbbreviations: 
MI,  massa  intermedia;  IlM,  liabenulopeduncular  nuc.;  SC,  superior  colliculus;  IC,  in¬ 
ferior  colliculus;  CC,  posterior  commissure;  M,  mammillary  bodies;  IP,  interi)edunci!lar 
nucleus;  A  I),  adenohypo|)hysis;  CC,  corpus  callosum;  II PC,  hii)pocampal  commissure; 
SP,  septum,  OCII,  o|)tic  chiasma;  .1C,  anterior  commissure;  P,  pons;  III  T;  third 
ventrical. 

remove  both  stimulatory  and  inhibitory  factors.  That  lesion.s,  howe'  (^r, 
remove  predominately  factors  concerned  with  inhibition  in  the  releast  of 
ACTII  appears  evident  on  the  basis  of  the  present  data  as  well  as  eai  ier 
reports.  Results  from  our  laboratory  (1)  as  well  as  the  studies  by  Newi:  :ui 
et  al.  (5)  have  indicated  that  chronic  lesions  in  rats  or  acute  le.sions  in  c  ts, 
placed  at  the  level  of  the  rostral  pons,  resulted  in  an  augmented  relt  tse 
of  corticoids  into  the  adrenal  venous  effluent. 

Although  corticosteroid  levels  for  the  0  to  15-minute  collection  pe  od 
were  similar  in  both  Groups  IV  and  V,  release  levels  for  the  15  to  30-mii  ite 
period  differed.  Whereas  Group  IV  responded  to  acute  stress  witl  an 
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iicreased  release  of  corticosteroids  (37-47%;  Table  1)  over  initial  values, 
Iroup  V  levels  of  corticosteroids  either  remained  unchanged  or  were 
reatly  reduced  (  —  81%;  Table  1). 

The  inability  of  the  adrenal  in  CJroup  V  to  release  increased  quantities 
( ‘  steroids  for  the  15  to  30-minute  collection  period  might  be  explained  on 
t  ,e  basis  of  adrenal  exhaustion  or  an  already  existing  maximal  output 
1  the  adrenal.  That  such  phenomena  are  not  the  answer  seems  apparent 
fi  )m  the  fact  that  in  Group  V  total  30-minute  corticosteroid  values  in 
r,  ')st  instances  were  below  those  noted  for  rats  in  other  groups  with 
1(  dons  (Table  1).  Furthermore,  data  from  Group  IV  as  well  as  data  re- 
p  rted  previously  for  7  rats  having  lesions  in  comparable  areas  (1)  indicate 
n  overy  levels  of  corticoids  for  the  total  30-minute  collection  period  far  in 
excess  of  the  majority  of  steroid  levels  noted  for  Group  V. 

More  specifically,  the  ability  of  the  adrenal  to  release  additional  cortico- 
st(  roids  in  response  to  stress  (15  to  30-minute  period)  appears  to  be  related 
to  the  intactness  of  areas  in  the  central  nervous  system  (CXS)  concerned 
with  facilitatory  release  mechanisms  of  ACTH.  In  the  present  experi- 
mt  iits  these  reinforcement  stimuli  facilitating  ACTII  release  were  sur¬ 
gical  stress  and  hemorrhage  (resulting  from  effluent  collections).  Thus, 
the  integrity  of  areas  in  the  brainstem  concerned  with  stress-induced  re¬ 
lease  of  ACTH  appears  to  be  intact  in  Group  IV  but  absent  in  Group  V. 

Lesions  in  Group  V  in  addition  to  including  the  area  in  common  with 
(Iroup  IV  (dor.sal  tegmentum)  included  regions  in  the  postero- ventral 
tegmentum  at  the  level  of  the  rostral  pons  (Fig.  1,  C).  Anderson,  et  al. 
(G)  and  Sayers  (3)  have  reported  that  transections  of  the  brain  at  the 
pontine  level  in  chronic  dog  and  acute  rat  preparations  respectively, 
result  in  an  inhibition  in  the  stress-induced  release  of  ACTII  in  response 
to  a  variety  of  stimuli.  Harris  (7)  has  postulated  that  somatic  afferents 
to  the  hypothalamus  may  determine  the  more  discriminatory  responses 
of  the  hypothalamus  while  extralemniscal  tracts  may  be  respon.sible  for 
less  s|)ecific  endocrine  responses.  Thus,  the  wide  range  of  inhibited  re¬ 
sponses  noted  in  Group  V  for  the  15  to  30-minute  collection  period  (Table 
1)  may  be  directly  related  to  the  individual  variation  of  extent  of  lesion 
damage  to  somatic  pathways  concerned  with  hypothalamic  control  of 
.\CTH  release. 

In  view  of  the  fact  that  numerous  afferent  and  efferent  systems  connect 
the  inidbrain  with  both  the  peripheral  nervous  system  as  well  as  more 
rostial  portions  of  the  CNS  (8,  9),  interruption  of  specific  areas  in  the 
midbrain  and  consequent  severance  of  these  pathways  would  be  expected 
to  modify  the  interdependency  of  the  hypothalamus  and  lower  brainstem 
in  ecntrol  of  ACTH  release. 
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THYROXINE  DKIODINATIOX  RY  A  M K'ROSOMAL 
PREPARATION  REQUIRING  FI>  s  OXYGEN, 

AND  ('YSTEINE  OR  GLUTATHIONE* 

JOHN  B.  STANBURY,  MARY  L.  MORRIS,  HELEN  J. 
CORRIGAN  AND  WILLIAM  E.  LASSITEIU 

Ikpartment  of  Medicine,  Hurveird  Medical  School,  and  the  Thyroid  l.aborntory  of  the 
Medical  Services  of  the  M assachusetts  General  Hospital,  Boston,  M assachusetts 

AliSTHACT 

A  microsomal  system  of  liver  and  kidney  is  described  wliich  deiodinates 
thyroxine,  and  which  reciuin's  Fe'*^+  and  oxygen.  The  activity  of  the  system  is 
much  enhanced  by  addition  of  cysteine,  reduced  glutathione,  or  ascorbate. 

l)eio<lination  by  whole  homogmiati's  or  by  microsomal  sus))ensions  is  much 
incn'ased  by  preheating  the  tissue'  to  100°  ('  for  a  few  minutes.  I’rolonged  heat¬ 
ing  destroys  (h'iodinating  activity.  Optimal  deiodination  was  observed  at  an 
incubation  temperature  of  37°.  The  tissue  factor  has  been  obtained  in  an 
acetone  |)owder  and  in  soluble'  feerm. 

Dialysis  eef  homeege'uate's  against  pheesphate'  buffer  activate's  the  eleioelinating 
e'lizyme'  and  make's  it  the'rmeelabile',  but  aelelitiem  eef  Fe'+^  re'store's  the-  hc'at 
stability  eef  the  dialyze'el  heemeege'uate.  De'ioelinatieen  is  inhibite'el  by  cyanide',  ]>- 
hyelroxyme'rcuribe'nzeeate',  anel  se've'ral  substane'e-s  which  chelate'  irem. 

'I'he'  (h'eeielinating  syste'in  may  be'leeng  te)  a  e-lass  eef  re-ae-tions  whie'h  re-epiire-s 
Fe'^‘+,  etxyge'ii,  and  a  re'due'ing  age-nt,  anel  which  e)])e'ns  |)henolie^  rings.  The'  tis¬ 
sue-  facteer  is  theeught  tee  be-  e-nzymatic  in  nature'  be-cause-  its  actieen  is  catalytic, 
it  is  de-streeve-el  by  jere-tre-atme-nt  with  cruelo  trypsin,  and  because-  it  has  tissue- 
specificity. 

MONO-  and  diiodotyrosine  are  deiodinated  hy  a  thermolal)ile  micro¬ 
somal  enzyme  of  wide  distribution  which  re(iuires  TPNII  as  an 
esse-ntial  cofactor  (1,  2).  Duriiifr  an  attempt  to  extend  the.se  findings  to  a 
.study  of  tlie  deiodination  of  thyroxine,*  it  was  found  that  when  whole  liver 
homogenate  was  preheated  for  purposes  of  control,  the  rate  at  which 
thyroxine  was  deiodinated  was  in  fact  sharply  accelerated  as  compared 
to  unheated  samples.  Thermal  stability  of  a  thyroxine  deiodinating  sys¬ 
tem  of  liver  has  been  noted  previously  (•Ub). 

Ill  this  paper  we  report  a  deiodinating  system  in  homogenates  of  liver 
and  kidney  which  is  accelerated  by  heating  at  100°  prior  to  additon  of 

I’''C('ivc(l  February  2,  lOfiO. 

‘  I  bis  work  was  sui)i)ortcd  by  (irant  .\-lSS0  from  the  F.  S.  Public  Health  S<'rvic«'. 
-  i’resent  addre.ss.  Department  of  Medicine,  Fniversity  of  North  ('arolina,  ('hapc-l 
Hill  North  Carolina.  During  his  i)articipation  in  these  studies,  Dr.  Lassiter  was  a 
n'('i|  ieiit  of  a  Donner  Fellowshi]). 

’  he  abbreviati«)ns,  L-T4  and  L-T4*  an-  used  in  the  text  to  n-fi-r  to  stable  and 
I'”-'  bc'h'd  L-thyroxine  respectively.  Tris  is  Tris  (hydroxyiiK-thyl)  aminonu-tham-. 
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substrate.  An  essential  participant  is  in  the  microsomes,  and  require^ 
ferrous  ion  and  oxygen.  A  factor  is  also  required  which  can  be  replaced 
by  cysteine,  reduced  glutathione,  or  a.scorbic  acid. 

METHODS 

Rats  «)f  a  Sijranuo-Dawloy  strain  woro  killi'd  by  a  l)l(»\v  on  the  head  and  the  liv.  r 
(juiekly  minced  and  homogenized  in  all-glass  tubes  at  0®.  Sheep  liver,  thyroids,  ai,d 
kidneys  were  obtained  at  the  time  of  slaughter  and  brought  to  the  laboratory  at  oie  e 
on  ice.  The  suspmiding  medium  for  the  homogenates  was  ice-cold  0.38  M  sucrose  buf¬ 
fered  t<»  pH  7.3  with  0.1  M  Tris.  The  homogenate  contained  initially  300  mg.  whoh* 
tissue  per  ml.  Homogenates  were  spun  at  1 2,000 Xg  for  15  minutes  in  a  refrigerati  ii 
centrifuge  and  the  supernatant  collected.  This  fraction  is  referred  to  below  as  1 2,000 Xg 
supernatant.  Centrifuging  of  the  12,000 Xg  supernatant  for  ^  hour  to  1  hour  in  the 
Spinco  Model  L  centrifuge  at  105,000  Xg  provhled  the  soluble  fraction  and  a  micro¬ 
somal  prdlet,  which  was  resuspended  in  cold  0.38  M  sucrose  buffered  with  0.1  M  'I  ris. 
Phosphate  buffer  0.1  M  was  also  used  occasionally.  In  some  experiments  the  microsomes 
were  recentrifuged  and  suspended  several  times. 

Heated  tissues  were  prepared  by  immersion  of  all-glass  homogenizing  tubes  contain¬ 
ing  the  homogenate  or  fraction  into  a  boiling  water  bath.  'I'he  coagulum  was  made  suit¬ 
able  for  pipetting  by  a  few  turns  of  the  pestle  after  cooling.  Incubation  was  customarily 
at  37®  for  10  or  20  minutes  in  a  final  volume  of  4  ml.  The  reaction  was  begun  by  aildi- 
tion  of  tissue.  L-thyroxine  labeled  with  P®*  in  the  3'  position  was  obtained  from  .Vbbott 
Laboratories  and  immediatr'ly  diluted  in  'I'ris  buffer.  Failure  to  dilute  resulted  in  sixm- 
taneous  deiodination  aft('r  several  flays.  'Fhe  reaction  was  stopped  by  addition  of  .50  /ig. 
of  L-'r4  to  th(‘  flask,  and  immediately  thereafter  pipetting  0.1  ml.  of  the  reaction  mix¬ 
ture  into  0.1  ml.  of  ethanol-ammonia  (3:1  v/v)  containing  unlabeled  markers  for 
chromatography.  Resolution  was  on  Whatman  No.  3  paper.  Descending  chromatograi)hy 
was  us(‘d,  with  a  separate  slij)  for  each  sample.  Routinely  a  solvent  system  of  n-butanol 
saturated  with  2N  acetic  acid  was  employed,  but  identity  of  the  reaction  products  was 
confirmed  in  a  solvent  system  consisting  of  n-butanol-cthanol  (100:20  v,  v)  saturated 
with  2N  ammonia.  The  identity  of  iodide  as  a  reaction  product  was  confirmed  by  show¬ 
ing  that  the  labeled  iodide  was  extracted  by  chloroform  after  addition  of  iodatc  at  the 
end  of  an  incubation  period. 

Zones  of  labeled  iodine  located  by  diazotized  sulfanilic  acid  and  ])alladiuni  chloride 
were  cut  from  the  chromatograms  and  measured  in  a  well-type  scintillation  crystal 
detector.  Enough  L-'Pd*  was  uscfl  to  give  approximately  2,000  counts  per  minute  in  a 
0.1  ml.  aliquot  applied  to  the  origin  of  the  chromatogram.  Generally  only  the  iodide  and 
'r4  zones  were  cut  out  and  measurcfl,  but  random  strips  were  counted  throughout  in 
order  to  exclude  the  po.ssibility  of  significant  reaction  products  other  than  iodide.  Gen¬ 
erally  each  zone  was  counted  for  two  or  three  minutes,  the  total  accumulated  couni'  for 
the  iodide  and  thyroxine  zones  being  approximately  4,000  to  6,000.  Recovery  of  unts 
from  the  chromatogram  was  in  accord  with  the  quantity  of  labeled  iodine  initiall  ai> 
plied.  Occasionally  small  amounts  of  labeled  iodine  were  found  near  the  origin  am  near 
the  solvent  front,  but  this  was  not  a  consistent  occurrence.  The  labeled  iodine  wa  con¬ 
fined  almost  entirely  to  the  'I'd  and  the  iodide  zones.  In  calculating  the  fraction  f  'fl 
deiodinated,  a  correction  was  made  for  the  labeled  iodide  present  in  the  L-'IM*  -  dc'- 
termined  from  duplicate  or  multiple  control  samples.  'I'his  varied  from  2  to  129f  ' 'on* 
trols,  always  run  with  each  experiment,  were  either  taken  at  zero  time  immei  itcly 
after  addition  of  tissue,  or  after  incubation  without  addition  of  tissue.  Duplic  e  or 
triplicate  flasks  generally  agreed  to  better  than  5%.  All  flasks,  unless  otherwise  'ted, 
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oontaiiu'd  10~’  M  tliiouracil  and  Tris  buffer  0.1  M  at  the  designated  i)H.  pH  values 
were  frequently  measured  at  the  end  of  ineubation  and  found  not  to  vary  sisniheantly. 

C'ysteine  HCl  and  FeS04  solutions  were  made  fresh  for  eaeh  experiment,  either  in 
•vater  or  in  .05  M  HCl.  .\ddition  of  these  in  0.1  ml.  volume  <lid  not  alter  the  pH  of  the 
eaetion  mixture. 

The  eflfeets  of  oxygen  and  nitrogen  were  determined  in  Thunberg  tubes.  These  were 
irepared  by  repeatedly  evaeuating  and  flushing  the  tubes  with  the  appropriate  gasc's. 
I'he  reaetion  was  begun  by  tipping  in  the  substrate. 

The  quantity  of  substrate  stable  L-T4  added  to  tin*  ineubation  flasks  varic'd  with 
lie  needs  of  individual  experiments,  but  for  the  most  part  was  ().4  nijumoles  jx'r  flask 
■>  jug.).  The  quantity  of  stable  T4  in  the  added  L-T4*  was  negligible.  Without  added 
abstrate  the  deiodination  proeeeded  too  rapidly  for  eonvenient  measurmnents. 


T.\bi.e  1.  Deioui.vatiox  of  b-T4  by  fractions  of  i.iver  homooexates 

The  tissue  samples  in  eaeh  flask  corresponded  to  1.50  mgm.  of  rat  liver.  The  soluble  frac- 
was  from  a  l()5,0()()Xg  centrifugation  of  a  r2,t)()0Xg  supernatant  of  whole  liver  homog- 
( iiate.  The  microsomes  were  resuspended  and  recentrifuged  3  times.  Each  flask  also  con- 
1:iined  10~’  .M  tliiouracil,  5  xg-  b-T4,  and  a  small  amount  of  I-*’'-labelcd  L-T4,  and  0.1  M 
’1  ris  buffer  to  a  total  volume  of  4  ml.  pH  7.3.  Incubation  time,  20  minutes  at  37°  C.  Preheat- 
iiig  of  tissue  samples  was  for  2  minutes  in  a  boiling  water  bath.  Mean  of  diqilicate  flasks. 


Tissue  preparation  j 

%  substrate  deiodinated 

Microsomes 

5 .  (i 

Microsomes,  preheated 

7.0 

Soluble  fraction 

4.3 

Solul)le  fraction,  pn'heated 

0.0 

.Microsomes 4-soluble  fraction 

17.8 

.Microsomes-f- preheated  soluble  fraction 

48.7 

Preheated  microsomes -|-solubh‘  fraction 

31  .7 

Preheated  microsomes -|- preheated  soluble  fraction 

30.2 

RESULTS 

Heat  activation 

Heating  of  whole  liver  homogenate  or  the  12,000  g  supernatant  fraction 
invariably  increased  the  deiodination  of  T4  by  .several  fold.  The  rate  of 
deiodination  in  unheated  12,000  g  .supernatant  was  usually  negligible,  but 
occasionally  samples  were  encountered  which  deiodinated  15  to  20%  of 
the  .substrate  in  20  minutes.  The  degree  of  activation  was  dependent 
upon  the  temperature  and  duration  of  the  preheating.  Maximum  activa¬ 
tion  was  obtained  by  heating  for  2  minutes  in  a  water  bath  at  100°  C, 
but  partial  activation  occurred  at  00°  and  80°.  Heating  for  longer  periods 
of  lime  slowly  inactivated  the  system.  There  was  little  change  by  20 
minutes,  but  deiodination  was  much  reduced  by  preheating  for  2  hours, 
and  was  almost  ab.sent  if  the  homogenate  was  preheated  at  100°  C  for  5 
hours. 

Heat  activation  was  accomplished  by  heating  either  the  soluble  fraction 
or  Hie  micro.somal  fraction  prior  to  remixing  (Table  1).  Neither  the  heated 
noi  unheated  soluble  fraction  .significantly  deiodinated  the  .substrate  alone. 
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Minimal  deiodination  was  occasionally  oLserved  with  unheated  micro- 
somes  alone. 

Deiodination  hy  heated  12,000 Xs  supernatant  was  significantly  reduced 
hy  addition  of  the  same  amount  of  unheated  supernatant,  or  hy  unheated 
soluble  fraction  or  microsomes.  Deiodination  was  reduced  to  as  much  a- 
one-half  by  these  procedures  if  the  heated  and  unheated  samples  wen 
preincubated  together  for  ;f0  minutes  prior  to  additon  to  flasks  containing 
substrate. 

The  active  fraction  of  the  heated  microsomes  resided  in  the  heated 
coagulum.  Xo  deiodination  occurred  when  the  supernatant  from  a  centri¬ 
fuged  heated  sample  of  microsomes  was  added  to  heated  or  unheated 
soluble  fraction,  but  the  resuspended  microsomal  coagulum  was  active  if 
supplemented  with  heated  or  unheated  soluble  fraction.  The  active  com¬ 
ponent  of  the  heated  soluble  fraction  was  present  in  the  supernatant  after 
centrifugation  of  a  heated  sample. 

Deiodination  by  heated  12,000  g  supernatant  was  completely  inhibited 
by  addition  of  0.2o  ml.  of  human  serum  to  the  incubation  flask.  Preheating 
the  serum  at  100°  C  for  2  minutes  abolished  the  inhibiting  effect. 

Inhibition 

Deiodination  was  completely  inhibited  by  10“*  M  HgCb*  nnd  by  p- 
hydroxymercuribenzoate  at  the  same  concentration,  but  not  at  10*‘  .M. 
Several  chelating  substances  inhibited  the  reaction,  among  them  .IXIO  ‘ 
M  Versene,  10“’  M  penicillamine,  .5X10  ’  M  a,a'-dipyridyl,  and  .001 
pyrophosphate,  providing  it  was  added  after  heating  or  at  the  inslant 
before  heating.  .Adding  pyrophosphate  earlier  failed  to  inhibit,  presumably 
because  of  the  action  on  it  of  tissue  pyrophosphatase.  Catalase  did  not 
iidiibit,  but  cyanide  10“-  M  inhibited.  .V  pH  optimum  between  0  and  7 
was  observed. 

Oxygen  dependency 

Incubation  of  preheated  homogenate  was  carried  out  in  Thunberg  tubes 
which  were  repeatedly  evacuated  and  refilled  with  nitrogen  (Table  ’)• 
.Air  was  reintroduced  into  some  of  these.  Deiodination  was  always  nearly 
or  completely  inhibited  in  the  vessels  containing  nitrogen,  and  proce(‘d(>d 
normally  in  those  to  which  air  liad  been  reintroduced  (Table  2).  ('oni  ol 
vessels  of  unheated  homogenate  deiodinated  little  under  air  and  none  ui'  icr 
nitrogen. 

Temperature  dependence 

There  was  a  temperature  dependence  for  the  deiodination  react  m. 
Little  deiodination  was  observed  if  the  incubation  was  at  0°  C.  Deiod  a- 
tion  proceeded  more  rapidly  at  87°  than  at  room  temperature,  and  as 
somewhat  less  at  higher  temperature,  but  still  proceeded  briskly  at  7b  C. 
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TaBI-K  2.  OXYCiKX  DKrENDKNCY  OK  Ii-'l'4  DEIODINATIOX 

Tlu*  ri'iu-tioii  was  in  Tliiinlicin  tiil)cs.  I'iacli  coiitainetl  an  amount  of  12,()()()Xk  siijx-rnatant 
if  a  i)ri“lu‘atc(l  liver  liomotieiiatc  e<|uival(‘nt  to  150  mum.  of  rat  liver,  2  or  10  /it?-  <>f  1^-T4,  a 
mall  amount  of  I-''’'-lal)ele(l  L-'r4,  and  0.1  .\1  Tris  to  a  total  volume  of  4  ml.  The  reaction 
las  henun  hy  tipping  in  the  substrates.  Incubation  for  20  minutes  at  37°  C.  The  tubes  were 
•peatedly  evacuated  and  refilh‘d  with  the  aj/proj/iiate  gas.  The  tissue  sample  wa.s  prelu'ated 
ir  2  minute.s  at  100°(’. 


( bis  phase* 

%  1 

I.-T4*  (ieiodiuatcd 

•-'  Mg.  1 

.-T4 

10  /ig.  b-T4 

.\ir 

43. 

(• 

28.0 

13. 

1 

2 . 5 

N.*  fullowcd  by  !iir 

41  . 

3 

33.0 

(  isteinv  (is  (in  (ictii'dior 

Preheated  or  iinheated  niiero.sonies  eoiild  he  activated  by  a  perehlorie 
iii  id  supernatant  of  tlie  solultle  fraction.  When  it  was  noted  that  tlie  PCA 
supernatant  was  effective  after  lioiliiif^  at  pH  1  and  was  destroyed  Ity 
.•'torage  at  pH  10,  tlie  possiliility  was  entertained  that  an  active  in}>:redient 
imjfht  he  cysteine  or  a  similar  suhstanee.  This  proved  to  he  the  ease 
t'l’ahle  II).  Addition  of  lO"'’  M  cysteine  to  heated  or  unheated  mierosomes 
jiave  excellent  activation,  hut  activation  was  much  improved  hy  pre¬ 
heating  the  micro.somes.  Similarly,  ascorbic  acid  and  reduced  (ISII  in 
M  concentration  activated  the  mierosomes.  Several  other  possible 
activators  of  unheated  12,000 Xfi;  supernatant  and  heated  and  unheated 
mierosomes  proved  ineffective.  Among  these  were  1)PX,  TPX,  DPXH, 
and  TPXH.  A  crude  yeast  powder^  was  active  when  added  to  mierosomes. 

/'V++  (IS  an  essential  eampanent 

(\vsteine  failed  to  activate  12,000  g  supernatant  which  had  been  dialyzed 
against  Ver.sene  and  then  dialyzed  free  of  Versene.  When  K)-^  M  Fe++ 
was  added  in  addition  to  10“'*  M  cysteine,  excellent  activation  of  the 
\’crsene-dialyzed  homogenate  occurred  (Table  R).  Fe++  alone  had  little 
eflect.  Xo  effect  was  obtained  with  Fe+++,  Co+',  Mg++,  Mno4^‘^,  Ca++, 
.MiP+,  Zn++,  Xa++,  or  K+,  all  in  10  '  M  concentration. 

Dialysis  of  whole  homogenate  against  phosphate  buffer  invariably 
activated  the  homogenate,  and  at  the  same  time  made  it  heat-labile 
(Table  R).  The  heat  lability  could  be  prevented  by  additon  of  Fe++  prior 
to  heating,  but  addition  of  Fe++  or  cysteine,  or  both,  failed  to  activate, 
if  'lone  after  heating.  Xo  explanation  for  the.se  findings  is  apparent. 

I'errous  ion  proved  to  be  effective  in  activating  the  unheated  12,0()0Xg 
homogenate.  Activation  could  be  demonstrated  in  concentrations  as 
lo'  as  lO’”  M,  and  optimal  activity  was  reached  at  10  °  M. 
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Table  3.  The  effects  of  oysteixe,  and  dialysis 

For  experimental  details  see  legend  for  Table  1.  Dialj’sis  was  overnight.  Versene  eoneen 
tration  5X10~^  M.  'I'licse  preparations  (Exp.  (')  were  dialyzed  for  4  additional  hours  agains 
two  changes  of  0.1  M  phosphate  buffer.  FC.\  supernatant:  supernatant  obtained  after  pia 
chloric  acid  precipitation  of  12,000  Xg  supernatant  of  liver  homogenate.  Mean  of  duplicat 
flasks. 


% 

ei(Hlinatii)ii 


1.2 
38.4 
3.4 
52 . 0 


44.3 
17.0 

10.3 

32 . 4 

8.0 
08 . 5 
Of) .  4 
58.0 

72 . 5 
>  1.0 
>  1.0 
>  1.0 


0 

0 

0 


39.3 


24.0 

33.0 

0 

2.0 

20.2 


Tissue 

1 

Substances  added  ^ 

4  X  washed  microsomes 

4  X  washed  microsomes 

Cvsteine  10“’  M 

4  X  washed  microsomes,  preheated 

4  X  washed  microsomes,  preheateil 

Cysteine  10“’  M  i 

I'liheated  microsomes 

1 

Fnheated  microsomes 

PC.\  supernatant 

Ifnlieated  microsomes 

Ascorbic  acid  1()~®  M  ; 

I’liheated  microsomes 

(ISII  10“’  .M 

I’liheated  microsomes 

Cysteine  10“’  M  i 

Preheated  microsomes 

i 

Preheated  microsomes 

PC.\  supernatant 

Preheated  microsomes 

.■\scorbic  acid  10“’  M  i 

Preheated  microsomes 

(ISH  10“’  M  i 

Preheated  microsomes 

Cvsteine  10“’  M  | 

— 

FC.\  supernatant. 

— 

C'vsteine,  GSH, 

— 

.\scorbie  acid 

1 2,000 Xg  supernatant  dialvzed  against 

Verseiie-phosphate  buffer 

1 2,000 Xg  supernatant  dialvzed  against 

Versene-phosphate  buffer 

Fe++  10“’  .M  ! 

12,000 Xg  supernatant  dialvzed  against 

\  ersene-phosphate  buffer 

Cvsteine  10“’  M 

12,000 Xg  supernatant  dialvzed  against 

Versene-phosphate  buffer 

Fe++  10“’  M  -t- 

C'ysteine  10“’  M 

12,000 Xg  supernatant  dialvzed  against 

1 

phosphate  buffer 

1 2,000 Xg  supernatant  dialvzed  against 

1 

phosphate  buffer 

'  Fe++  10“’  .M 

1 2,000 Xg  supernatant  dialvzed  against 

phosphate  buffer,  heated 

1 

1 2,000 Xg  supernatant  dialvzed  against 

phosphate  buffer,  heated 

Fe+’-  10“’  M 

1 2,000 Xg  supernatant  ilialvzeil  against 

phosphate  buffer 

Fe++  10“’  M,  then 

heated 

Concentration  and  solubilization  of  factors 

An  acetone  powder  of  the  microsome.s  wax  obtained  which  proved  to 
be  active  in  deiodinating  L-T4*  upon  addition  of  M  cysteine.  T1  re 
was  no  activity  in  the  supernatant  obtained  by  .suspending  the  pow  ler 
in  Tris  buffer  and  centrifuging.  No  active  preparation  was  obtained  l)y 
.soluliilizing  the  microsomes  in  de.soxycholate  2%,  nor  did  treatment  t  ith 
butanol  (7)  solubilize  the  factor.  A  neutralized  precipitate  of  microso  le.s 
prepared  with  perchloric  acid  in  8%  final  concentration  was  active  v  len 
supplemented  with  10“®  M  reduced  GSH.  When  heated  microsomes  ^  ere 
expo.sed  in  the  10  KV  sonic  oscillator  for  10  minutes,  and  the  resul  mg 
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upernatant  centrifuged  for  1  hour  at  100,000 Xg,  excellent  deiodination 
vas  displayed  by  the  supernatant  solution  when  supplemented  with  (18H. 
'his  factor  was  not  dialyzahle. 

imc  course  of  deiodination 

When  heated  microsomes  were  incubated  with  cysteine  deiodination  did 
!  )t  proceed  beyond  10  to  lo  minutes,  but  with  (JSH  the  system  was  much 
I  ore  stable,  as  can  be  seen  in  Figure  1.  Deiodination  proceeded  almost 
1  learly  for  many  minutes. 


Fig.  1 .  Timo  course  of  deoulination  of 
1.,-  ri  by  preheated  microsome.s  supple- 
nimted  by  reduced  glutathione  10“’  M. 
10  L-T4  added  to  each  flask.  Points 
an  means  of  triplicate  flasks. 


.S u hst rate  rclntionsh i ps 

I'he  effect  of  .substrate  concentration  at  two  levels  of  concentration  of  the 
heated  micro.somal  preparation  appears  in  Figure  2.  Each  point  is  the  mean 
of  three  flasks.  Reaction  time  was  20  minutes.  The  upper  curve  is  at  twice 
th(‘  micro.somal  concentration  of  the  lower.  Points  are  corrected  for  the 
small  amounts  of  iodide  found  in  control  flasks  at  the  same  substrate  con¬ 
centrations.  It  is  evident  that  a  maximal  rate  is  reached  which  is  propor¬ 
tional  to  quantity  of  added  microsomal  preparation. 

Inhibiting  ejjeet  of  crude  trypsin 

A  heated  micro.somal  preparation  was  adjusted  to  pH  S.2  and  incubated 
for  1  hours  with  10  mg.  crude  trypsin  before  readjusting  to  pH  7,0.  Incuba¬ 
tion  with  T4*  then  gave  no  deiodination.  Control  .samples  treated  in  the 
same  way  but  with  no  added  trypsin  gave  good  deiodination,  and  trypsin 
added  just  before  incubation  with  T4*  did  not  inhibit  deiodination.  Thus  a 
short  period  of  trypsin  treatment  inactivated  the  microsomal  preparation. 

Deitidination  by  homogenates  of  other  tissues 

Most  of  the  observations  described  above  were  made  on  liver.  A  12,()()()X 
g;  supernatant  of  kidney  homogenate  was  activated  by  preheating,  and  a 
prej.  iration  of  kidney  microsome.s  rapidly  deiodinated  L-T4*  if  10“'^  M  cy.s- 
teim  was  added.  Minimal  deiodination  was  observed  in  boiled  rat  muscle 
mici  Ksomes  to  which  GSH  was  added.  None  was  observed  in  thyroid  homog- 
enat  s  of  microsomal  preparations,  and  none  with  egg  albumin. 
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2.  Tlu'  cffi'ct  of  viirying  concentrations  of  L-T4  on  dciodination.  The  upper 
curve  was  obtained  from  flasks  eontaiiuiif!;  ])r(‘lieated  inierosoines  ecpiivalent  to  1  oO  up;, 
of  fresh  liver,  and  the  lower  one  eontainiiiff  lialf  as  much.  Each  point  is  the  mean  of 
triplicate  flasks.  Reduced  GSH  M. 

DISCUSSIOX 

Deiodiiiatioii  of  T4  ))y  lieat  resistant  wliole  lioniofjienate  preparations  of 
rat  tissues,  ineluding  liver,  kidney,  brain,  and  muscle,  has  been  describc'd 
by  MaclaRan  et  al.  (8,  4).  .\.  pH  optimum  of  approximately  (i.O  was  found 
when  L-T4*  was  employed.  Properties  of  the  system  induced  dependence 
on  oxygen,  and  inhibition  by  SX10“^  M  CX“,  and  oXlO“-  M  citrate,  riio 
.sy.stem  was  heat-stable  for  short  periods  at  100°  C,  but  with  prolonged  heat¬ 
ing,  the  activity  slowly  declined  and  was  virtually  absent  after  2  hours. 
Others  have  confirmed  the  relative  heat  stability  of  liver  homogenate  prep¬ 
arations  (5,  0,  S),  and  deiodination  of  T4*  has  been  reported  after  prolonged 
incubation  with  boiled  kidney  slices  (0).  Lissitzky  el  <il.  (10)  identified 
thyronine  as  a  product  of  T4  deiodination  by  liver  slices,  but  diiodotyrc'ine 
was  not  found  in  slices  incubated  with  biologically  labeled  T4  (0,  11). 
Plaskett  (o),  on  the  other  hand,  has  identified  an  iodinated  subst  nee 
which  is  easily  hydrolyzed  to  DIT  in  a  homogenate  of  rat  liver  incub  :ted 
with  T4.  This  finding  suggests  that  in  the  homogenate  the  /i-ring  of  th,\  rox- 
ine  is  opened.  Tata  (12)  has  reported  a  preparation  from  mu.scle  which  leio- 
dinates  T4,  is  activated  by  Fe+^,  and  is  further  stimulated  by  fl:  cine 
nucleotides.  Details  of  the  preparation  have  not  yet  appeared. 

The  resultii  which  are  reported  here  concern  a  microsomal  prepai  tion 
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which  (leiodiiiates  L-T4  under  specific  conditions.  If  unlieated,  it  has  little 
ictivity  within  the  time  limit  of  these  experiments.  It  is  thermostable,  op¬ 
iates  optimally  at  d7°  C  if  cofactor  recpiirements  are  met,  and  is  inhibited 
,y  II{r++,  CX~,  and  the  chelating  substances,  citrate,  penicillamine,  a,a'- 
lipyridyl,  and  pyrophosphate.  Activity  is  lost  if  the  microsomes  are  solubi- 
ized  with  butanol  or  desoxycholate,  but  an  active  acetone  powder  has  been 
)repared.  It  withstands  perchloric  acid  and  ethanol  precipitation.  The  fac- 
or  is  solubilized  to  l()t),()()()Xg  centrifugation  by  exposure  in  the  10  KV 
(inic  oscillator. 

The  action  of  heat  on  the  homogenate  system  could  be  either  to  produce 
(  r  activate  a  specifically  recpiired  factor,  or  to  destroy  an  inhil)itor.  The  fact 
liiat  Fe++  activated  the  uidieated  homogenate  favors  the  view  that  the  ef- 
f-ct  of  preheating  either  of  microsomes  or  of  supernatant  is  to  release  re¬ 
duced  iron  in  a  form  which  is  able  to  take  part  in  the  process  of  degradation 
ol  b-Tl*.  Inhibition  of  deiodination  by  addition  of  whole  serum  to  an  ac¬ 
tive  preparation  l)ut  not  of  heated  serum  supports  this  view,  since  un- 
lic'ated  serum  might  be  expected  to  bind  or  oxidize  any  free  Fe++  which 
might  be  present.  .Vctivation  by  heat  and  inhibition  by  serum  could  not  be 
explained  by  T4-binditig  effects,  because  the  washed  microsomes  bind  T4 
very  poorly  either  when  heated  or  not,  and  the  inhil)iting  amount  of  serum 
was  far  below  that  which  would  be  saturated  by  the  stable  thyroxine  in  the 
flask. 

('ysteine,  or  a  substance  performing  a  similar  role,  .such  as  reduced  (JSII, 
in  general  enhanced  the  deiodinating  system.  It  was  recpiired  together  with 
Fc  "  for  deiodination  in  Versene-dialyzed  preparations,  and  it  activated 
washed  heated  or  unheated  microsomes  without  additional  ^'0++.  Oxygen 
was  also  recpiired  for  deiodination.  Cysteine  potentiated  the  activating  ef¬ 
fect  of  low  concentrations  of  Fe++  on  an  unheated  r2,()()()Xg  supernatant, 
hut  inhibited  with  high  concentrations  of  Fe++. 

Deiodination  of  iodotyrosines  and  iodothyronines  by  oxygen,  Fe^  ' ,  and 
ascorbate  has  been  extensively  studied  by  Li.ssitzky  and  Hotpies  (18),  follow¬ 
ing  the  demonstration  of  Udenfriend  et  al.  (14)  of  a  similar  sy.stem  for  the 
hydroxylation  of  many  aromatic  compounds.  The  system  readily  attacks 
many  of  the  iodinated  amino  acids,  but  deiodinates  DIT  and  T4  very 
slowly.  Only  approximately  10%  of  substrate  T4  was  deiodinated  after  12 
hours  of  incubation. 

\  number  of  enzymes  involved  in  opening  of  aromatic  rings  recpiire  oxy¬ 
gen,  I"e++,  and  variously  ascorbate,  cysteine,  or  glutathione.  Among  these 
arc  catechol  oxidase  (lo),  gentisic  acid  oxidase  (10),  and  homogentisic  acid 
oxidase  (17).  It  may  be  suggested  that  deiodination  of  T4  in  the  heated 
li\  i  r  micro.somal  system,  recjuinng  as  it  does  oxygen,  Fe++,  and  cysteine  (or 
as(  orbate  or  reduced  (kSII)  may  be  an  analogous  ring-opening  reaction. 
Tl.is  is  consistent  with  the  finding  of  Pla.skett  referred  to  above. 

'  he  nature  of  the  reaction  in  the  heat-.stable  liver  sy.stem  is  uncertain. 
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Tlie  reaction  is  clearly  not  the  reversible  “deiodination”  of  thyroxine  ob¬ 
served  by  Tata  (18,  19),  for  that  reaction  is  strongly  inhibited  by  the  pres¬ 
ence  of  protein,  is  reversed  slowly  with  time  and  instantly  by  acid,  and  free 
iodide  is  not  a  reaction  product;  whereas  in  the  present  system  ample  pro¬ 
tein  was  present,  deiodination  was  progressive  with  time,  an  acid  solvent 
chromatographic  system  was  employed,  and  iodide  was  proved  to  be  a  re¬ 
action  product. 

Several  findings  are  consistent  with  an  enzymatic  nature  of  the  reaction. 
For  example,  the  role  of  the  heated  microsomes  appears  to  be  catalytic 
rather  than  stoichiometric  (Fig.  2),  since  a  maximal  rate  of  action  was  ob¬ 
served.  Further,  there  is  a  degree  of  tissue  specificity  in  that  excellent  dei¬ 
odination  was  obtained  with  liver  and  kidney,  little  with  muscle,  and  none 
with  thyroid  or  egg  albumin.  .\lso,  the  effect  of  crude  trypsin  suggests  that 
the  catalytic  activity  is  dependent  upon  specific  peptide  bonds.  The  find¬ 
ings  provide  no  information  regarding  any  possible  in  vivo  role  for  the  sys¬ 
tem. 
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THE  ROLE  OF  THE  THYROID  GLAND  IN  THE 
PRODUCTION  OF  THE  HYPERMETABOLIC 
STATE  OCTXimiNG  IN  RATS  WITH 
FULL-THK’KNESS  BURNS 

FRED  T.  CALDWELL,  Jr. 

AHSTRAC'T 

Thyroid  uptako  and  urinary  oxcrotion  of  and  water  balance  studies  have 
l)een  performed  upon  albino  rats  with  full-thiekness  burns  at  four  diflferent 
post-burn  time  intervals.  Uats  of  the  same  a^e  and  genetic  strain  were  used  as 
controls.  The  thyroid  uptakes  of  the  burned  rats  were  not  significantly 
different  from  uptake  values  for  unburned  controls  except  on  .the  3rd  post¬ 
burn  day  (PBD)  when  the  I'”  uptake  for  the  burned  animals  was  significantly 
lower  than  that  for  the  controls.  Except  for  the  immediate  post-burn  period 
(3rd  PBD)  the  burned  animals  excrete<l  le.ss  urine  and  P^'  during  the  uptake 
periods  than  di<l  the  control  animals.  It  is  conclinb'd  that  the  burned  rat  is 
capable  of  increased  oxygen  consumption,  ergo  beat  i)roduction,  with  normal 
or  subnormal  levels  of  thyroid  activity. 

Human  patients  with  full-thiekness  burns  have  increased  oxygen  con¬ 
sumption  from  the  immediate  post-burn  period  until  the  wounds  are 
closed.  However,  there  is  no  mea.surable  increment  in  thyroid  radio-iodine 
(1'^')  uptake  or  plasma  protein-bound  iodine  levels  in  .such  patients  (1). 

.\pproximately  two  days  after  having  sustained  full-thickness  burns,  al¬ 
bino  rats  at  ambient  temperatures  of  28°  C  and  below  demonstrate  an  in¬ 
crement  in  oxygen  consumption.  This  increment  reaches  a  peak  with  sepa¬ 
ration  or  removal  of  the  eschar  and  then  gradually  decreases,  returning  to 
normal  when  the  wounds  are  less  than  1%  of  body  surface  area  (2). 

This  hypermetabolic  state  occurring  in  the  rat  has  been  demonstrated  to 
liavc  a  cau.se  and  effect  relationship  with  the  increased  obligatory  heat  loss 
attending  the  vaporization  of  the  increment  in  extra-renal  water  lo.ss 
through  the  eschar  or  open  wound  (2,  3).  Evidence  to  support  this  state¬ 
ment  is  found  in  the  following  data; 

1.  If  the  trans-wound  water  loss  is  prevented  from  vaporizing  by  appli¬ 
cation  of  a  transparent  waterproof  dressing,  the  oxygen  consumption  of  the 
bun  <‘d  animals  is  no  different  from  that  of  unburned  albino  rats  (3). 

2.  If  the  ambient  temperature  is  elevated  to  32°  C  (one  to  two  degrees 
abo'  e  the  temperature  of  the  e.sthar  or  open  wound)  the  increment  in  oxy¬ 
gen  1  onsumption  disappears  immediately  (2). 

3.  Thyroidectomized  albino  rats  respond  to  full-thickness  burns  with  an 
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increase  in  oxygen  consumption  of  the  same  magnitude  as  that  found  in  al 
hino  rats  with  intact  thyroid  glands  (2). 

These  data  exclude  the  possibility  that  increased  thyroid  gland  activity 
is  essential  for  such  a  response  in  the  rat.  However,  the  activity  status  o 
the  thyroid  gland  cannot  be  determined  from  .such  data. 

Studies  of  the  I'®'  uptake  of  burned  rats  have  shown  an  immediate  posi- 
burn  decrement  followed  by  an  increment  during  the  period  of  positive  so¬ 
dium  balance,  with  a  return  to  normal  or  .subnormal  uptake  values  by  the 
4th  to  oth  post-burn  day  (4).  This  .sequence  of  events  transpires  before  the 
prolonged  increment  in  oxygen  con.sumption  has  barely  started.  Xo  studies 
have  been  made  of  the  thyroid  activity  during  the  period  of  greatest  increa>c 
in  metabolic  rate. 

The  present  study  reports  the  activity  of  the  thyroid  gland,  as  measured 
by  I'®'  uptake,  for  rats  with  full-thickness  burns  at  four  time  intervals  fol¬ 
lowing  burning. 


METHODS  AND  MATERIALS 

\  total  of  ()4  srowins  mule  .Sprasue-Dawley  alhino  rats  was  used.  The.sp  animals  were 
housed  in  individual  eages  in  an  animal  room  ke])t  at  20° +1°  C.  They  were  offered 
Purina  lahoratory  ehow  and  water  nd  libitum.  The  animals  were  divided  hy  means  of  a 
table  of  random  numlu'rs  into  four  groups  eontaininn  Hi  animals  eaeh.  These  groui)s  were 
further  subdivided  randomly  into  K  burn  ami  8  eontrol  animals  to  eomprise  the  ex- 
))(‘rimental  i)opulation  for  eaeh  of  the  four  |)ost-burn  periods  investinated. 

.\ft«'r  the  hair  from  the  baeks  of  the  animals  had  been  elipped,  full-thickness  hunis 
of  the  back  measuring  2.5  ±2%  of  the  body  surface  anai  were  i)rodueed  by  immersion 
for  30  seconds  in  water  at  90°  Both  e\i)erimental  and  eontrol  animals  were  fji'cn 
ether  anesthesia  and  n-ceived  intrai)eritoneal  lactate  Ringers  solution  amountiini  to 
10%  of  body  weight. 

On  four  separate  oecasions — the  3rd,  7th,  21st,  and  36th  post-burn  days  (PBl)'s) — 
thyroid  P’*  ujitake  and  urinary  P*'  excretion  and  watcT  balance  were  obtained  for  eight 
control  and  eight  experimental  (burned)  rats.  Selection  of  animals  was  made  randomly, 
and  on  all  measun'inent  dab's  the  control  and  experimental  animals  for  that  date  were 
the  same  agc'.  Staggering  the  dates  on  which  the  burns  were  jjroduced  made  it  pos-il)lc 
for  the  3rd  and  7th  PHD  groups  and  the  21st  and  36th  PDB  groups  to  have  their  1'^' 
ui)take  measurements  i)erforme<l  on  the  same  dates,  thus  simi)lifying  the  arrangements 
for  and  the  handling  of  the  isotope.  Carrier-free  P^'  was  used  for  the  thyroid  uptakr  and 
urinary  exeretion  studies.  By  dilution  with  isotonie  sodium  chloride  the  P’’  wa>  pre¬ 
pared  to  contain  1  /xc.  per  ml. 

The  uptake  period  for  all  animals  was  24  hours.  One  microcurie  of  P^*  was  given  sul)- 
eutaneously,  imnu'diately  following  which  the  animals  were  placed  in  individual  i meta¬ 
bolic  cages  for  the  uptake  period.  The  animals  were  fasted  during  the  uptake  pc'riod  and 
urine  output  and  water  intake  were  measured  volumetrically. 

The  animals  were  sacrificed  by  a  sharp  blow  to  the  head  and  the  thyroid  glam  im¬ 
mediately  dissected  and  placed  in  one  ml.  of  30%  sodium  hy<lroxide  and  allov  d  tn 
digest  in  a  water  bath  at  90°  C.  One-tenth  ml.  aliejuots  of  this  solution  were  allov  <1  to 
dry  on  stainless  stei'l  planchets.  The  radioaetivity  contained  therein  was  estimat  d  hy 
the  use  of  a  tliin  window  gas  flow  Geiger-Mueller  tube.  One-tenth  ml.  alixpiots  the 
24-hour  urine  specimens  were  allowed  to  dry  on  planchets  and  counted  in  tin  -ame 
manner. 
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Oiic-tenth  ml.  of  the  solution  used  for  injection  of  I‘®‘  was  diluted  to  one  ml.  with  30% 
idium  hydroxide,  and  to  this  solution  a  normal  rat  thyroid  gland  was  added.  After 
igestion  O.I  ml.  of  this  solution  was  counted  as  a  standard,  and  from  this  the  theoretical 
00%  value  for  thyroid  uptake  was  calculated.  Similarly,  0.1  ml.  of  the  solution  used 
>r  injection  of  P®'  was  diluted  to  1  ml.  with  normal  urine,  and  by  counting  0.1  ml.  of 
lis  solution  the  theoretical  100%  excretion  value  for  1*^'  was  calculated.  From  these 
andards  the  per  cent  of  the  given  dose  of  I’’*  taken  up  by  the  thyroid  and  excreted  in 
'  e  urine  were  calculated  for  each  animal.  The  results  obtained  were  tested  for  signifi- 
I  lit  differences  by  means  of  the  “t”  test.  The  null  hypothesis  was  rejected  at  the  .05 
1  \  el  of  probability. 


RESULTS 

Tlie  thyroid  uptake  and  urinary  excretion  data  for  P®*  are  summarized  in 
'i  ahles  1  and  2.  On  the  3rd  PBD  the  I'®'  uptake  of  the  burned  animals  is  sig- 
iiiticantly  lower  than  that  of  the  controls.  On  the  7th,  21st,  and  3()th  PBD’.s 
there  is  no  .significant  difference  between  the  P®*  uptake  of  the  burned  and 
control  animals. 

ddie  difference  in  the  range  of  values  for  thyroid  uptake  of  P®*  obtained 
for  the  3rd  and  7th  PBD’s  compared  with  values  obtained  on  the  21st  and 
3()th  PBD’s  is  not  explained  by  these  data.  Almost  a  month  elapsed  be¬ 
tween  the  obtaining  of  these  two  .sets  of  uptake  data,  and  the  difference  in 
the  age  of  the  animals,  variation  in  iodine  content  of  the  food,  or  changes  in 
uiiinea.sured  environmental  parameters  could  all  have  had  some  effect.  The 
dilference  is  consistent  and  uniform  for  this  experiment  and  does  not  invali¬ 
date  the  analysis  of  the  P®‘  uptake  data. 

'Fhe  P®‘  excretion  data  and  water  balance  data  are  presented  in  Table  3. 
On  the  3rd  PBD  the  burned  animals  excreted  a  significantly  higher  per 
cent  of  the  given  dose  of  P®^  and  produced  a  significantly  larger  volume  of 
urine  than  the  unburned  controls.  This  is  the  only  period  during  which  this 
obtains,  and  it  may  provide  the  proper  explanation  for  the  significantly 
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Table  2.  Means,  standard  deviations,  t  ratios,  and  probability  values 

FOR  BI  RNED  (P^)  AND  NON-BIRNED  (C)  ANIMALS  FOR  URINARY 
EXCRETION  OF  AT  FOUR  MEASUREMENT  TIMES 


N 

Mean 

SI) 
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t 

P-valup 

3r<i  PHI) 

E 

C 

8 
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11 
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I'**  excretion  is  expressed  as  per  cent  of  the  given  dose. 

lower  thyroid  uptake  of  for  the  burned  animals  on  the  3rd  PBD. 

On  the  7th,  21st,  and  36th  PBD’s  the  burned  animals  excreted  a  signifi¬ 
cantly  smaller  portion  of  the  given  dose  of  P®^  and  produced  a  significantly 
lower  volume  of  urine  than  did  the  unburned  controls.  As  the  eschars  ma¬ 
ture,  the  burned  animals  take  in  more  water  and  put  out  less  urine  than  tlie 
unburned  controls.  This  seeming  paradox  is  explained  by  the  prodigious 
quantity  of  water  lost  by  the  burned  animals  through  the  eschars  or  opc'u 
wounds  (2).  This  has  .significance  in  interpretation  of  the  P®‘  thyroid  up¬ 
take  data,  since  excretion  of  P®‘  increases  as  urine  volume  increases.  Tlius 
in  spite  of  retaining  more  of  the  given  do.se  of  P®^  during  the  uptake  period, 
the  burned  animals  do  not  show  a  .significant  increment  in  P®*  uptake. 

These  findings  indicate  that,  if  there  is  any  late  change  in  thyroid  activ¬ 
ity  in  respon.se  to  full-thickness  burns,  it  is  a  decrement  and  not  an  incre¬ 
ment.  These  data  add  to  the  growing  body  of  evidence  that  endocrine  fimc- 

Table  3.  Means,  .standard  deviations,  t  ratios,  and  probability  values  for  burned 

(p])  AND  NON-BURNED  (C)  ANIMALS  ON  WATER  INTAKE  AND  URINE  OUTPUT 
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PBD  *  Poet-burn  Day. 
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ion  does  not  control  hut  only  modulates  the  response  of  the  animal  to 
lermal  trauma. 
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THYROXIXK-SERUM  PROTEIN  C’OMPLEXES: 
SIXCiLE  DIMENSION  GEL  AND  PAPER 
ELECTROPHORESIS  STUDIES 

B.  S.  BLUMBERC;  and  J.  ROBBINS 

Xntional  Institute  of  Arthritis  nnd  Metnbolic  Diseases, 

Xational  Institutes  of  Health.  liethesda,  Mari/land 

ABSTRACT 

Tlio  tliyroxiiic-serum  i)r()tt‘in  complexes  have  been  studied  by  means  of 
electrophoresis  at  i)H  S.b  using  starch  gel  and  paper  as  a  sui)i)orting  medium. 
Borate  buffer  was  used  in  the  gel  experiments  and  barbital  or  ammonium  ear- 
bonate  in  the  i)aper  <‘xperiments.  On  gel  electrophoresis,  most  humans  bind 
thyroxine  in  and  near  the  albumin  zone.  Band  1  corresponds  to  tin*  fastest  mov¬ 
ing  prealbumin.  Band  2  is  at  the  leading  edge  of  the  broad  albumin  zone,  band 
.‘i  is  diffuse  and  located  in  the  slowest  half  of  the  albumin  zone  and  Band  4 
travels  immediately  l)ehind  the  albumin.  .Monkeys  have  a  i)attern  similar  to 
humans  but  there  is  a  variation  in  the  jmsition  of  Band  1  and  in  the  fastest  mov¬ 
ing  prealbumin  protein  which  may  constitute  a  i)olymorphic  system.  Concomi¬ 
tant  variation  was  found  in  the  mobility  of  the  prealbumin  thyroxine  complex 
(TBB.V)  in  jjaper  eleetrophoresis  in  ammonium  carbonate.  In  the  cow,  both 
Band  1  and  TBB.V  ajjpear  to  be  absent,  and  other  thyroxine-protein  bands  in 
starch  g(‘l  electrophorc'sis  are  found  which  have  no  counterj)art  in  humans  and 
monkeys. 

NOR.M.VL  human  .serum  contain.s  .several  protein  eomponent.s  wliicli  in¬ 
teract  with  thyroxine.  Wlien  etpiilihrated  with  human  .serum  at  pliys- 
iological  concent ration.s  and  subjected  to  paper  electrophoresis  in  barbital 
bulTer  at  pH  <S.(),  P-^'-labeled  L-thyroxine  migrates  chiefly  in  a  zone  between 
the  ai  and  a>  globulins  (1),  The  protein  with  which  it  is  considered  to  ini(‘r- 
act  has  been  called  Thyroxine  Binding  Protein  (TBP)  or  Thyroxine  Bind¬ 
ing  (llobulin  (TB(J).  Smaller  amounts  of  thyroxine  migrate  with  albumin 
and,  much  le.ss  consi.stently,  in  a  zone  moving  faster  than  albumin  (“pr(  al¬ 
bumin”  or  TBP.V).  When  tris-maleate  (pH  S.fl)  (2)  or  other  alkaline  bulters 
(ride  infret)  are  used,  the  .same  three  components  are  found,  but  the  relative 
distribution  of  thyroxine  is  very  different  ;  the  prealbumin  zone  in  tl  (‘se 
buffers  contains  more  of  the  serum  thyroxine. 

In  BD.")  Smithies  (B)  developed  a  method  of  electrophoresis  using  i)e- 
cially  prepared  starch  gel  as  a  suspending  medium.  The  .separation  of  s('i  am 
proteins  in  starch  gel  is  apparently  dependent  on  particle  size  and  config  ra¬ 
tion  as  well  as  charge  and  this  results  in  a  .separation  different  from  bat 
obtained  with  other  electrophoretic  methods.  Rich  and  Bearn  (4)  api  icd 
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his  techni(iue  to  the  study  of  tlie  thyroxine-protein  complexes  of  hnmaii 
■Mum.  Tliey  found  that  at  low  thyroxine  levels  about  ()()%  of  the  thyroxine 
as  in  the  leadinji;  prealbumin  zone  and  the  rest  in  albumin,  suggest  in}?  that 
'H(J  might  migrate  faster  than  albumin  in  this  system.  The  problem  has 
■en  re-investigated  with  the  employment  of  autoradiography  for  localiz- 
ig  the  thyroxine-binding  zones.  It  was  found  that  thyroxine  in  human 
rum  is  located  in  four  sejiarate  bands  in  and  near  the  position  of  serum 
.  .bumin.  Some  human  sera  have  a  fifth  band.  The  prealbumin  thyroxine- 
(  ontaining  band  of  monkeys  was  found  to  travel  in  three  distinct  positions 
in  ditfen^  individuals,  and  may  be  an  example  of  a  polymorphic  trait.  A 
I  icalbumin  thyroxine-binding  protein  was  not  present  in  the  cow. 

MATERIALS  AM)  METHODS 

Blood  was  coHocUmI  hy  vcncpunctiin',  allowi'd  to  clot  at  room  temperature  for  four 
to  eifjlit  hours,  and  the  sera  separated  l)y  centrifugation  and  decantation.  The  sera  was 
stored  frozen  at  —20°  C  and  tliawed  slowly  at  room  temjx'ratures  just  hefon*  use.  Most 
ol  tlu‘  s(‘ra  wer(‘  studied  within  two  to  ffuir  weeks  of  collc'ction;  lw)wever,  some  of  the 
liiilian  !ind  American  nef!;ro  sera  were  studied  8-12  months  after  collection.  Studies  to 
he  rei)orted  later  indicate  that  thyroxine-hindinf:;  hands  1-4  are  unaffected  by  storaf^e, 
wliih'  th('  fifth  haml  (found  only  in  some  of  tin*  Indians)  may  he  affected  l)y  extemh'd 
storaftc'  (see  below).  The  blood  sami)les  were*  collected  without  reflat’d  to  time  of  day, 
or  relation  to  meals.  The  human  subjects  were  17  normal  males  and  8  normal  females 
from  diffc'rent  racial  groups,  and  include<l  7  .\merican  ncf^ro  mah's.  'I'lie  afjes  ranged 
from  8  to  84  years,  but  mo.st  were*  young  adults.  Starch  gel  and  paper  (dectrophoresis 
runs  were  done  on  each  of  the  human  sera. 

The  moneky  (Mncacn  mulatln)  s])ecimens  were  collected  through  tin*  court('sy  of 
Drs.  (1.  L.  Van  Hoosier  and  H.  K.  Rosvold  of  the  Xational  Institutes  of  Health.  'I'he 
oxen  bloods  were  from  the  (hiernsey  herd  at  the  University  of  -Maryland.  Blood  was 
obtained  from  the  cows  by  arterial  jruncture  and  from  the  monkeys  by  vem-inincture. 
In  each  case,  it  was  jrlaced  in  clean  dry  tubes  and,  after  clotting,  the  serum  removed  by 
centrifugation.  Klectrophoreses  of  serum  to  which  thyroxine  had  been  added,  followe<l 
by  autoradiography  (see  below)  was  performed  with  tin*  sera  of  13  monk('ys  and  5  cows. 
Taper  electro])horesis  runs  with  autoradiogra])hy  (as  described  below)  was  also  done  on 
each  of  these.  Starch  g('l  electro|)horesis  runs  followed  by  staining  with  anddo  black  to 
reveal  the  jjosition  of  the  protein  bands  was  performed  on  a  total  of  142  monkeys  in¬ 
cluding  the  13  monkey  sera  on  which  tin'  radiothyroxine  studi(‘s  were  done. 

I'^'-labeled  L-thyroxine  in  50%  i)roi)ylene  glycol  was  obtained  from  .\bbott  Labora- 
toi  i(>s,  Oak  Ridge,  Tenne.ssee.  .\fter  dilution  with  water,  it  was  extracted  with  n-butanol 
and  repurified  by  an  extraction  i)rocedure  (5).  .Ml  runs  wen*  i)erformed  with  L-thyroxine 
which  was  at  least  90%  pure  as  determined  by  paper  chromatograpln-.  .Mixtures  of 
S( mm  with  radioactive  L-thyroxine  were  pn>j)ared  by  adding  the  serum  to  the  aj)pro- 
pi  ate  quantity  of  vacuum-dried  thyroxine  (0).  The  mixtures  wen'  allowed  to  equilibrate 
fo!  at  least  15  hours  at  4°  C. 

''tarch  gel  electrophoresis  was  carried  out  by  tin*  method  of  Smithies  (3)  using  the 
co'iditions  for  serum  with  a  pH  8.()  buffer  containing  0.03  mole  of  H3BO3  and  0.012 
Ill'  le  of  X’aOH  jier  liter,  .\fter  completion  of  the  run,  the  gel  was  imnnaliately  removed 
fn  in  the  tray  and  index  marks  were  cut  from  the  edges  or  bored  through  the  thickness 
ol  the  gel.  The  filter  paper  strips  which  served  as  the  origins  wen*  discanhal.  The  gel 
si:  b  (0  mm.X80  mm.  Xapproximatidy  100  mm.)  was  then  split  lengthwise,  bisecting  its 
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smallest  dimension.  One  half  was  stained  with  Amido  Blaek  lOB  (Hartman-Le<ldon  Co.. 
Philadelphia)  dissolved  to  saturation  in  a  solution  containing  methanol,  water  and 
glacial  acetic  acid  (45:45:10).  E.xcess  stain  was  washed  out  with  solvent  alone.  The 
other  half  of  the  gel  was  sealed  in  “Saran  Wrap”  and  gently  pressed  between  two  piecei- 
of  “NO-Screen”  x-ray  film.  The  entire  sandwich  was  placed  in  a  cold,  light-tight  l)o> 
and  stored  at  4°  C  in  order  to  reduce  diffusion  of  the  protein  bands.  The  length  of  ex- 
posun'  depended  on  the  radioactivity  of  the  thyroxine  and  varie<l  from  1(5  hours  to  fivt 
days.  Longer  exposures  were  possible  when  the  gel  was  kept  frozen,  but  these  were  less 
satisfactory.  The  x-raj’  film  was  proce.ssed  according  to  the  manufacturer’s  recommenda¬ 
tions. 

Of  the  two  exi)osed  films,  the  one  placed  against  the  cut  surface  of  the  gel,  usually 
gave  a  superior  radioactivity  pattern.  .Vfter  contact  prints  were  made,  each  indi¬ 
vidual  scrum  ijattcrn  was  cut  out  as  a  narrow  strip  and  the  density  of  the  bands  wa.' 
(piantitated  with  an  automatic  .scanning  dcn.sitomcter  (.\nalytrol,  Beckman  Instrument 
(’().,  Palo  .Vito,  Calif.)  adapted  for  such  measurement  with  the  B-2  cam.  Prior  (>xi)cri- 
ments  with  serial  dilutions  of  a  radioiodine  solution  defined  the  limit  of  film  darkening 
below  which  a  linear  relationship  obtained  between  the  quantity  of  radioactivity  to  whicli 
the  film  had  been  exposed  and  the  area  under  the  densitometry  curve.  The  n'sults  wt-rc 
expn‘ssed  as  per  cent  of  total  area  under  the  curve.  Replicate  determinations  on  the 
same  autoradiograph  strip,  and  on  autoradiographs  made  from  the  same  sera  run  on 
different  gels,  gave  good  agreement. 

The  starch  gel  shrank  aj)proximately  15%  after  staining  with  .Vmido  Black  and 
washing  with  solvent.  The  index  marks  cut  before  the  two  halves  of  the  g(“ls  were 
separated  served  to  correlate  the  radiothyroxine-containing  bands  with  the  stained 
l)rotein  bands.  By  comparing  the  index  marks,  the  photographs  of  .Vmido  Black-stained 
gel  were  enlarged  to  correspond  with  the  prints  of  the  autoradiographs.  Tlu*  gel-halls 
which  had  been  used  for  the  autoradiographs  did  not  stain  well  and  were  discarded. 
There  was  no  shrinkage  if  aqueous  bromphenol  blue  was  used  for  staining,  but  this  gave 
an  inferior  definition  of  the  protein  bands.  V’ertical  starch  gel  electrophoreses  by  tin* 
method  of  Smithies  (6)  using  the  borate  buffer,  were  done  on  six  sera  drawn  from 
normal  white  .Vmericans.  These  six  were  among  the  25  studied  by  the  conventional 
(horizontal)  starch  gel  method. 

Paper  electrophoresis  was  performed  with  horizontally  suspended  strips  of  Whatman 
3  MM  Filter  paper.  The  reverse  flow  method  (5),  was  employed  for  quantitation,  both 
with  barbital  and  ammonium  carbonate  buffer  but  the  conventional  method  was  also 
used  in  some  instances.  Radioactivity  on  the  paper  strips  was  quantitated  with  a  con¬ 
tinuously  recording,  counting  rate  meter  and  a  mica-window  Geiger-Mueller  tube.  .Vftcr 
ra<lioactivity  measurement  the  proteins  were  stained  with  bromphenol  blue. 

Preliminary  experiments  with  paper  electrophoresis  were  performed  with  a  number  of 
buffers  of  pH  8.5  to  9  including  barbital,  phosphate,  bicarbonate,  borate,  trishydro-  - 
methylaminomethane  (“Tris”),  “Tris”-maleate,  glycine,  ammediol,  ammonium  carl  o- 
nate.  In  humans  a  prominent  radiothyroxine  zone  migrating  faster  than  albun  in 
(“prealbumin”)  was  present  in  all  e.xcept  barbital  buffer  of  ionic  strength  0.1.  When  1  ss 
concentrated  barbital  was  used  (F  2  =  0.01),  a  consistent  prealbumin  zone  appeared.  1  at 
this  was  quantitatively  smaller  than  with  the  other  buffers.  The  bicarbonate  buffer  g  e 
variable  results  due  to  a  rise  in  pH  on  the  paper  strip  during  the  run.  This  was  overci  le 
by  the  use  of  ammonium  carbonate.  Because  of  its  simplicity  and  the  consistently  g*  "d 
separations  it  provided,  ammonium  carbonate  was  used  in  the  subsequent  experimei  s. 

.Vmmonium  carbonate  (F.S.P.  grade),  0.1  M,  was  used.  The  pH  of  solutions  prepn  id 
from  different  batches  of  ammonium  carbonate  varied  from  8.35  to  8.8,  and  the  H 
was  adjusted  to  8.3-8. 4  by  bubbling  CO2  through  the  solution.  After  the  usual  18  h  ir 
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i  ctrophoretic  run  at  a  constant  current  of  2  ma  per  paper  strip  (110  to  130  v.)  the  pll 
a.  ng  the  paper  strip  as  determined  with  indicator  paper,  was  approximately  8.5.  Fresh 
f!.  ition  was  prepared  each  week. 

rhe  barbital  buffer  used  in  the  experiments  to  be  reported  below  was  pH  8.0,  ionic 
ii1  ngth  0.1 

t  he  quantity  of  thj-roxine  bound  to  alpha  globulin  at  two  or  more  concentrations 
of  hyroxine  above  0.6  /ig./  ml.  was  measured  in  normal  sera  separated  in  the  various 
1)11  :ers,  and  found  to  be  independent  of  the  buffer  employed.  This  concentration  of 
th  roxine  is  sufficient  to  saturate  TBG  when  electrophoresis  is  performed  in  barbital 
hu  ler  of  0.1  ionic  strength  (5).  In  the  case  of  the  other  buffers,  with  the  exception  of 
ail  nonium  carbonate,  the  plateau  value  (5)  for  thyroxine  bound  to  TB(J  was  not  de- 
tei  nined.  Thyroxine-binding  capacity  of  TBG  may,  therefore,  be  higher  in  some  of 
tin  buffers  than  in  barbital,  but  not  lower.  In  the  case  of  ammonium  carbonate,  tin* 
plateau  value  was  found  to  be  the  same  as  in  the  barbital  system.  Plateau  values  for 
th,\  loxine  associated  with  TBP.V  were  not  determined. 

I’rotein-bound  and  total  P**  determinations  in  the  monke}-  .sera  were  performed  by 
till'  Boston  Medical  Laboratory,  Boston,  Mass.,  employing  the  method  of  Zak  (7). 

RESULTS 

Human.  Starch  gel  electrophoresi.s  of  human  serum  consistently  pro¬ 
duced  four  distinct  bands  of  labeled  thyroxine  in  and  near  tlie  albumin  re¬ 
gion  (Figs.  1  and  2).  The  fa.stest-moving  band  corresponded  to  the  fast¬ 
est-moving  prealbumin  (prealbumin  1  or  prealbumin  A  in  the  nomenclature 
of  Smithies,  (8)  and  Poulik  and  Smithies  (8)).  This  can  be  seen  from  the  in¬ 
dex  marks  in  Figure  1.  The  .second  radiothyroxine  band  was  located  at  the 
leading  edge  of  the  broad  albumin  zone.  Radioactivity  Band  8,  which  was 
generally  broad  and  diffuse,  was  in  the  slowest  half  of  the  albumin  zone. 
The  fourth  thyroxine  band  moved  just  behind  the  albumin  zone  and  did 
not  appear  to  coincide  with  any  of  the  visible  protein  bands.  The  position  of 
these  bands  was  confirmed  in  the  vertical  starch  gel  runs.  In  the  absence  of 
serum,  some  radioactivity  moved  into  the  gel  several  millimeters,  but  most 
remained  on  the  filter  paper  origin.  The  same  four  bands  were  seen  when 
the  (juantity  of  thyroxine  added  to  the  serum  was  low  (0.075-0.078  jug./iBl-) 
or  high  (0.68-0.81  although  there  were  quantitative  differences 

(v.i.). 

.\ll  the  normal  human  sera  had  patterns  which  were  qualitatively  the 
sanu*  although  there  was  some  variation  in  the  relative  amounts  of  thyrox¬ 
ine  in  each  band.  The  .sera  of  three  Alaskan  Indians,  none  of  whom  were 
closely  related,  had  an  additional  slow  moving  l)and  which  travelled  in  a 
position  near  the  fast  globulins  (nomenclature  of  Smithies,  (3))  and  con¬ 
tained  less  than  10%  of  the  total  radiothyroxine.  A  similar  band  was  seen 
in  O' her  sera  which  has  been  stored  for  several  years,  and  this  band  may  be 
an  ;  rtefact. 

1  >ie  results  of  quantitation  of  radiothyroxine  in  the  starch  gel  and  on  the 
pap'  r  strips  are  .summarized  in  Tal)le  lA.  The  quantitative  methods  are  not 
prec  ise  enough  to  determine  the  correlation  between  the  paper  electropho- 
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Fig.  2.  Distribution  of  radiothyroxinc 
in  monkey  sera  of  Types  1,  2  and  3  com¬ 
pared  to  human  serum.  S(>e  te.xt  and  Fiiiurc 
3.  Radiothyro.xine  in  a  eoneentratioii  of 
approximately  0.74  /x^./ml.  had  been 
achled  to  these  sera. 


Fig.  1.  Distribution  of  radiotliyro' 
J322  liuman  serum  to  whieh  O.OS  /i^.  ml 

radioactive  thyroxine  had  b(>en  ad' 
Bottom:  starch  gel  electrophoresis  s* 
e  f<*2  alb.  .  stained  for  protein.  The  lowest  strip 

diagram  of  the  protein  pattern.  Top:  ' 
tact  jirint  of  the  autoradiograph  of  the  same  strip.  Serum  ^<960  has  the  fifth  slow  me . 
band  discussed  in  the  text.  O,  origin;  +,  positive  pole,  P..V.,  prealbumin;  alb,  all»n  i 
f'ao,  fast  ali)ha  two  globulin;  /3,  beta  globulin;  H,  haptoglobins;  Sa2,  slow  alpha 
globulin.  The  diagram  is  of  a  haptoglobin  type  2-1  serum.  The  nomenclature  is  tl 
Smithies  (3). 
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TaBLK  1.  DiiSTHIBI'TIOX  of  RADIOTHYROXIXE  IX  FILTER  I'AI’ER 
AXI)  STAR(‘II  ELEl’TROrHORESIS 


Kilter  paper  Stareh  (tel 


i.yroxine  added 

TB'i 
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36 

32 

28 

40 

23 

15 

58 

rc'is  and  starch  gel  electrophoresis  hands.  This  has  been  achieved,  in  part, 

h. \  two-dimensional  paper-starch  gel  studies  and  will  he  reported  elsewhere 

(in. 

None  of  the  hands  seen  in  starch  }5el  electrophoresis  contained  an  amount 
of  radiothyroxine  consistently  ecpial  to  that  in  any  of  the  paper  electro¬ 
phoresis  zones.  Bands  R  and  4  were  not  adecpiately  separated  on  the  densi¬ 
tometry  records  for  accurate  (piantitation. 

‘‘Trailing”  of  radiothyroxine  between  Band  4  and  the  origin  amounted  to 
hetween  14  and  ‘io%  of  the  total  at  the  low  thyroxine  level,  hut  was  less  (2 
to  11%,  with  a  mean  of  (>%)  at  the  high  thyroxine  level. 

Monkey.  Hadiothyroxine  patterns  in  monkey  sera  were  generally  similar 
to  the  human  patterns.  There  was,  however,  an  intraspecies  variation  in 
radiothyroxine  Band  1  not  seen  in  humans  (Fig.  2).  In  most  monkey  sera, 
tlu'  fastest  radioactivity  hand  travelled  in  the  same  position  as  in  humans, 

i. c.,  in  prealhumin  1  (Type  1);  in  some  it  travelled  in  a  position  correspond¬ 
ing  to  prealhumin  2  (Type  2);  and  in  others  in  an  intermediate  position 
('I'ype  R).  The  latter  two  types  appeared  to  hind  less  thyroxine  in  their  fast¬ 
est  moving  hand  than  did  the  most  common  type. 

4'he  protein-stained  portion  of  the  gel  revealed  a  corresponding  variation 
ill  the  prealhumin  hands.  This  is  shown  diagrammatically  in  Figure  R.  One 
hundred  and  twelve  of  the  142  animals  studied  had  a  major  prealhumin 
hand  which  travelled  with  the  same  mobility  as  human  prealhumin  1  and  in 

!'ig.  3.  Schematic  diagram  of  the  starcli 
gei  electrophoresis  strijis  stained  for  jiro- 
tei:  <  sliowing  the  prealbumin  zones  of 
mi  ikey  serum  eomiiared  to  luiman  se- 
ru  u.  faint  staining  slow  moving  preal- 
hu  lin  is  sometimes  seen  in  monki'y  Tyjie 
1  lotted  line).  The  origin  is  to  the  left 
an  the  jiositive  pole  to  the  right. 
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MONKEY  TYPE  I 
MONKEY  TYPE  2 
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some  gel  runs  a  faint  band  travelling  slightly  slower  than  human  preal 
bumin  2  was  also  seen  (Type  1).  Rarely  (in  5  animals)  all  of  the  prealbumiu 
migrated  in  a  position  corresponding  to  the  slower  human  prealbumiu 
(Type  2).  In  the  third  variety  (2o  animals)  there  was  a  single  faint  stainiiv^ 
band  travelling  in  a  position  intermediate  between  prealbumin  1  and  2.  Th.* 
thyroxine-binding  studies  were  done  on  representative  animals  from  each  of 
these  groups. 

A  striking  variation  in  the  pattern  of  the  serum  transferrins  (/3  globulin>) 
on  the  starch  gel  was  found  in  the  monkeys.  At  least  seven  different  pat- 


ALBUMIN 


Fig.  4.  Distribution  of  radiothyroxinc 
in  monkey  sera.  Reverse  flow  paper  elei- 
trophoresis  was  performed  in  0.1  M  am¬ 
monium  carbonate,  and  the  strips  were 
scanned  for  radioaetivitx-.  Tracings  of  tlie 
radioactivity  records  are  shown.  Tlie 
stained  protein  patterns  were  not  signifi¬ 
cantly  different  from  those  in  humans.  Tlie 
arrow  indicates  the  points  of  application  of 
the  serum  and  the  positive  pole  is  to  the 
left. 


terns  (which  probably  constitute  a  polymorphic  .system  (9))  were  demon¬ 
strated  by  means  of  protein  .staining  and  autoradiography  with  radioircn 
(10).  There  does  not  appear  to  be  any  relation  between  these  patterns  and 
the  variations  in  thyroxine  binding. 

A  variation  in  the  fast  radiothyroxine  zone  similar  to  that  observed  m 
.starch  gel  was  .seen  with  paper  electrophoresis  in  ammonium  carbon:  'e 
(Fig.  4).  The  Type  1  pattern  was  indistinguishable  from  that  seen  with  1  i- 
man  sera.  In  Type  2,  a  prealbumin  zone  was  not  seen  and  the  radioactiv!  y 
in  albumin  was  correspondingly  increased.  In  Type  8,  the  prealbumin  i  t- 
diothyroxine  formed  a  shoulder  on  the  leading  edge  of  the  albumin  zoi  *. 

A  variation  between  the  m.onkey  types  was  also  seen  with  paper  elect  >- 
phoresis  in  barbital  buffer.  In  Type  1,  there  was  a  relatively  small  shoul  r 
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II  tlie  leading  edge  of  the  all)umin  radioactivity  peak  similar  to  that  fre- 
.  uently  seen  in  human  serum.  This  shoulder  was  absent  from  Type  2  and 
ype  3  monkey  sera. 

(Quantitative  data  are  given  in  Table  IB  for  monkeys  of  Type  1.  The  re- 
^  ilts  were  similar  to  those  reported  above  for  humans.  Data  on  monkeys  of 
vpes  2  and  3  are  omitted,  since  quantitation  of  radiothyroxine  in  TBPA 
V  ,is  not  possible,  but  the  results  were  otherwise  analogous  to  those  iuType  1. 

Serum  I‘-'  analy.ses  were  done  in  9  monkeys  (3  of  each  type).  The  pro- 
ti  in  bound  iodine  ranged  from  2.S  to  4.2  mS-/  100  ml.  (mean  3.8),  and  there 
w.is  no  striking  difference  between  the  3  types.  The  total  iodine  was  from 
(i.i)  to  14.4  jug.  100  ml.  (mean  9.0),  possibly  due  to  high  dietary  iodine. 

Vow.  The  cow  was  selected  for  study  as  a  representative  of  a  group  of  ani- 
ni.'ds  which  had  previously  been  found,  by  paper  electrophoresis  in  barbital 
buffer,  to  have  a  thyroxine-protein  pattern  resembling  that  in  man  (1). 
This  was  confirmed  in  the  present  experiments.  Differences  were  noted, 
however,  in  gel  electrophoresis  and  in  paper  electrophoresis  in  ammonium 
carlionate  (Fig.  o).  In  starch  gel,  the  cow  had  diffuse  bancls  in  the  position 
of  human  Bands  2  and  3,  a  band  corresponding  approximately  to  human 
Band  4,  and  two  bands,  one  easily  .seen  and  the  other  less  intense,  moving 
slower  than  human  Band  5.  The  two  slowest  bands  appear  to  be  in  the  re¬ 
gion  of  the  low  |3-globulins.  Except  for  a  faint  trace  of  radioactivity  in  one 
animal,  no  prealbumin  zones  were  seen  either  by  protein  staining  or  autora¬ 
diography.  In  the  ammonium  carbonate  experiments,  the  prealbumin  radio¬ 
thyroxine  zone  was  absent  and  radioactivity  was  seen  only  in  the  albumin 
and  in  the  “alpha  globulin”  regions. 

DISCUSSION 

These  findings  indicate  that  the  binding  of  thyroxine  to  .serum  proteins 
may  be  even  more  complicated  than  hertofore  believed.  Although  these 
studies  were  performed  for  the  most  part  at  high  thyroxine  levels,  (0.7-0. 8 
/ig.  of  added  thyroxine/ml.  of  .serum)  the  number  of  radiothyroxine  bands 
detected  when  ~0.075  jug.  of  thyroxine/ml  was  added  was  no  different. 
Even  at  the  low  thyroxine  level,  however,  the  .serum  contained  twice  the 
normal  concentration  of  thyroxine.  The  u.se  of  .smaller  amounts  of  thyroxine 
was  not  feasible  with  the  available  radiothyroxine  specific  activity.  Although 
the  experimental  conditions  .such  as  thyroxine  concentration,  exten.sive 
dilution  of  the  .serum  proteins,  and  unphy.siological  pH  and  ionic  concentra¬ 
tions  make  it  difficult  to  apply  the.se  findings  to  the  thyroxine-protein  com¬ 
binations  which  actually  exist  in  i’U’o,'they  may,  at  least,  help  to  identify 
the  >erum  protein  species  capable  of  interacting  with  the  thyroid  hormone. 

Ttiere  are  two  indications  from  the  findings  reported  here  that  the  preal- 
bun  in  found  by  starch  gel  electrophoresis  (Band  1)  is  the  same  as  the  preal- 
buii  in  separated  by  paper  electrophoresis  in  ammonium  carbonate 
(T1>PA).  These  are  1)  a  parallel  variation  in  the  electrophoretic  mobility  of 
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Fig.  5.  Comparison  of  the  distribution  of  radiothj  roxine  in  cow  and  human  s(  urn. 
Above  contact  print  of  the  autoradiograph  after  starch  gel  electrophoresis  compar.  1  to 
diagram  of  electrophoresis  strip  stained  for  protein.  Two  radioactivity  bamb  the 
slowest  very  faint,  are  seen  to  the  left  of  human  radioactivitj'  Band  4.  The  symbo  are 
the  same  as  in  Figure  1.  Below  reverse  flow  paper  electrophoresis  of  radiothyi  one 
serum  mixtures.  The  paper  strips  stained  with  bromphenol  blue  are  mounted  above  heir 
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]  iiul  1  and  TBPA  in  monkeys,  and  2)  a  parallelism  in  the  presence  or  ah- 
H  ice  of  Band  1  and  TBPA  in  d  animal  species.  In  2  other  species  not  re- 
p  rted  here  (seal  and  marmot)  both  Band  1  and  TBPA  were  ab.sent  (11). 

1  om  the  quantitative  data  presented,  however,  it  is  not  po.ssible  to  draw  a 
St  lilar  conclusion  about  the  identity  of  Band  1  and  TBPA,  and  the  prob- 
Ic  II  is  being  investigated  further  by  more  direct  techniques. 

dand  1  corresponds  to  the  fastest  of  the  two  prealbumin  proteins  .seen  in 
In.  nan  serum,  confirming  the  finding  of  Rich  and  Bearn  (4).  It  may  be 
in  ;cd  that  the  slower  prealbumin  has  been  identified  as  ai  glycoprotein  (S). 
1';  flier  experiments  (12)  indicated  that  thyroxine  did  not  interact  with  this 
pi  >tein. 

Tata  (Id)  has  shown  that  a  prealbumin  isolated  from  serum  by  Schultz 
ct  “1.  (14)  is  capable  of  binding  thyroxine,  and  migrates  between  ai  and  ai 
globulin  in  the  presence  of  .serum  in  barbital  buffer.  It  seems  likely  that  this 
protein  is  not  the  same  as  Band  1  or  TBPA,  as  reported  here,  since  the  in¬ 
ter-alpha  zone  in  paper  electrophoresis  contains  the  .same  (piantity  of 
radiothyroxine  at  saturation  in  barbital  buffer  where  TBPA  is  not  seen,  and 
in  ammonium  carbonate,  where  TBPA  is  pre.sent.  The  protein-protein  in¬ 
teraction  postulated  by  Tata  may,  however,  be  altered  by  the  conditions  in 
the  present  study.  In  barbital  buffer,  TBPA  either  fails  to  separate  from 
alliumin  or  loses  its  affinity  for  thyroxine.  Further  .studies  are  recpiired  to 
settle  these  (piestions. 

It  will  be  of  interest  to  determine  whether  the  thyroxine-prealbumin 
complex  found  in  cerebro-spinal  fluid  (1,  l.o)  is  the  same  as  TBPA.  The 
former  was  readily  detected  with  electrophoresis  in  barbital  buffer. 

'I'he  (jualitative  and  (piantitative  data  reported  here  .suggest  a  lack  of 
identity  between  TB(i  and  Band  1.  This  is  in  contrast  to  the  reports  of 
Rich  and  Bearn  (4)  and  Allison  (Ki).  By  sectioning  the  gel  and  counting  the 
ratlioactivity  directly,  they  found  most  of  the  thyroxine  in  the  prealbumin 
zone  even  at  low  thyroxine  levels.  Rich  and  Bearn  (4),  in  addition,  found 
that  thyroxine  isolated  with  the  alpha  globulin  zone  by  starch  block  elec- 
troi)hore.sis  moved  with  prealbumin  when  restudied  in  starch  gel.  Alli.son 
(Id)  found  in  his  gel  .system  that  the  prealbumin  of  Schultz  migrates  in  the 
position  of  the  fast  prealbumin  band.  There  is  no  sati.sfactory  explanation 
the  discrepancy  between  the  pre.sent  work  and  that  reported  earlier  other 
for  than  the  likelihood  that  it  is  due  to  technical  differences  in  the  per¬ 
formance  of  the  gel  electrophoresis. 

The  identity  of  Bands  2,  R  and  4  obtained  by  the  technicpies  employed 


radi.  activity  record.  Tlie  arr(»\vs  indicate  the  |)oints  of  a])i)lication  of  serum.  Tin*  amount 
of  r  liotliyroxine  ad<led  to  the  luiman  serum  was  ai)proximately  0.68  mK./  ml.  and  to 
the  ow  serum  approximately  0.70  /xg./ ml. 
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here  has  not  been  established.  Band  3  is  in  a  region  of  the  starch  gel  patte  n 
known  to  contain  ai  globulin  (12),  while  Band  4  does  not  coincide  with  a 
visible  stained  protein  zone.  The  non-uniformity  of  thyroxine  in  the  bro; d 
albumin  zone  is  of  particular  interest.  Hadiothyroxine  Band  2  is  in  an  ar  a 
not  previously  identified  as  a  separate  protein  species.  This  may  be  the  le- 
sult  of  trailing,  although  in  most  of  the  runs  it  does  not  have  this  appear¬ 
ance.  It  may  also  indicate  an  inhomogeneity  in  the  albumin  band  revealed 
by  thyroxine  binding  but  not  by  protein  staining.  This  point  can  only  he 
resolved  by  isolation  and  characterization  of  the  bands,  and  such  studies  are 
in  progress. 
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STUDIES  ON  THE  POSSIBLE  INHIBITORY  EFFECT  OF 
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ABSTRACT 

Following  tho  subcutaneous  administration  of  5  mg.  of  corticosterone  in  the 
rat,  tho  plasma  level  of  this  substance  was  maximal  1  and  2  hours  following 
the  injection.  In  spite  of  the  highly  elevated  level  of  circulating;  corticosterone, 
no  uptake  of  this  substance  occurred  in  the  adrenals.  The  optimal  amount  of 
.VCTH  required  to  elicit  a  maximum  elevation  of  adrenal  corticosterone  two 
hours  after  its  subcutaneous  injection  was  2  units.  Two  hours  after  the  simul¬ 
taneous  administration  of  2  units  of  .ACTH  and  5  mg.  of  corticosterone  in  the 
intact  rat  the  mean  adrenal  corticosterone  was  lower  than  when  2  units  of 
.VC'TH  were  administered  alone.  When  the  experiment  was  repeat('d  with  4 
units  of  .VC'TH  being  injected  the  mean  adrenal  corticosterone  was  significantly 
lower  (P<0.01).  Repetition  of  these  experiments  with  .\CTH  or  .\CTH  plus 
corticosterone-pretreated  hyi)ophysectomized  rats  indicated  that  the  corti- 
costeroidogenic  effect  of  .\CTH  was  decreased.  No  .VC’TH  response  was  ob¬ 
served  in  rat  adrenal  sections  when  the.se  were  incubated  in  vitro  with  20  /ig.  of 
corticosterone  and  50  milliunits  of  VC’d'H.  The  experiments  suggest  that  the 
circulating  levels  of  blood  corticosterone  in  the  rat  may  control  its  production 
by  acting  directly  on  the  adrenal  gland  by  inhibiting  the  action  of  VC’TH. 

IX  1938,  Inpile  ct  al.  (1)  reported  that  one  of  the  major  regulatory  mech¬ 
anisms  controlling  adrenocorticoid  production  in  the  rat  was  mediated 
via  the  hypophysis.  This  humoral  theory  .stated  that  the  amount  of  circu¬ 
lating  corticoid  controlled  the  amount  of  ACTIP  produced  by  the  hypoph¬ 
ysis.  Thus,  if  a  larger  than  normal  amount  of  corticoid  was  circulating, 
the  hypophy.sis  would  be  inhibited  and  le.ss  ACTH  produced.  Contrary- 
wise,  a  lower  than  normal  amount  of  circulating  corticoid  would  release  the 
pituitary  from  the  normal  homeostatic  control  and  lead  to  the  well-known 
fad  that  more  ACTH  is  produced.  This,  in  turn,  triggers  the  adrenal  cor- 
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-VC’TH  =  .Vdrenocorticotropin  =  adrenocorticotropic  hormone. 
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ticosteroidogenic  meclianism  and  leads  to  an  increased  cortieoid  prodin  - 
tion.  Since  tliis  original  finding,  a  great  niimher  of  reports  liave  appeared  in 
the  literature  which  have  substantiated  the  above  concept.  However,  for  a^ 
long  as  the  above  theory  has  existed,  there  has  been  the  question  as  t  > 
whether  other  mechanisms,  which  can  control  corticosteroidogenesis,  ai  > 
possible.  In  support  of  these  po.ssibilities  one  can  cite  the  apparent  existenc  t> 
of  an  ACTH  releasing  factor  present  in  the  hypothalamus  (2,  17,  IS).  In 
adflition,  the  possible  role  of  the  liver  in  corticosteroidogenesis  has  been 
.stressed  by  Urquhart  et  al.  (8),  and  finally  a  more  direct  control  of  cortico¬ 
steroid  production  iu  vivo  (4)  and  in  vitro  (o)  at  the  adrenal  level  itself  has 
been  postulated. 

Due  to  the  very  small  amounts  of  atlrenal  steroid  pre.sent  in  tissues,  and 
this  is  true  whether  an  animal  it  stressed  or  .sedentary  (7),  it  has  been  veiy 
difficult  in  the  past  to  determine  the  content  of  corticosteroids  in  adrenal 
tis.sue.  However,  the  advent  of  suitable  fluorometric  techniques  permitting 
the  measurement  of  corticosterone  at  a  very  low  level  of  magnitude  {0.(18 
Mg.)  has  opened  new  avenues  which  enable  a  study  of  adrenal  physiology  by 
using  individual  or  a  small  number  of  adrenal  glands.  Thus,  it  has  been  pos¬ 
sible  to  analyze  the  corticosterone  content  of  rat  adrenals  after  administra¬ 
tion  of  steroids  and  to  determine  their  relative  potencies  in  terms  of  endog¬ 
enous  AC’TH-suppre.ssing  activities  (S). 

In  the  pre.sent  investigation,  the  sensitivity  of  the  fluorometric  methods 
has  been  exploited  to  study  the  action  of  administered  corticosterone  in  tlic 
intact  as  well  as  in  the  hypophysectomize<l  rat  stimulated  with  optimal 
amounts  of  ACTH.  The  results  iiulicate  that  this  steroi<l  inhibits  AC  I'll 
output  and  is  reflected  by  a  lowered  adrenal  corticosterone  content.  By 
the  same  criterion  it  would  appear  to  inhibit  the  action  of  administc'nal 
ACTH  in  vivo  at  the  adrenal  level.  Corticosterone  also  inhibited  the  re- 
spon.se  to  ACTH  of  rat  adrenal  glands  incubated  in  vitro. 


M.\TERIALS  AXI)  METHODS 

Anitnnlu.  .Male  Slicrinaii  rat.s  (1.5()-2()0  gin.)  olitaiiu'd  from  Rocklaml  Farms,  Xiw 
York  were  used  for  ICxpcrimonts  1. 2,  3,  4,  ami  (i.  In  Kxix'rinumt  .5,  male  S])ragm'-l)a''  l(‘y 
rats  (lOO-l.aO  gm.)  liypophysoctomizi'd  by  th(*  oral  route  were  used.  The  latter  (re 
obtained  from  the  C'harles  River  Breeding  Laboratories,  Brookline,  Mass. 

Menmirenient  of  Tissue  and  Blood  Corticosterone.  The  fluoronudrie  method  of  S  'her 
et  at.  (t))  with  the  modifications  jireviously  proposed  (7)  was  used.  .Ml  animals  ere 
saerifieial  by  <leeapitation  for  reasons  given  previously  (7). 

.\dministration  of  ACT  It  o/id  Corticosterone.  H.P.  .\CTHar  gel  .Vdrenoeorticotr  (in, 
a  commercial  preparation  of  highly  inirified  .VCTH  (.\rmour  lot  r52804)  was  us  1  in 
the  in  vivo  exiieriments.  .VC'THar  lyophylized  or  .XC’THar  powder,  blend  2-H,  a  '  ude 
.V('TH  i)re|)aration  obtained  from  the  .\rmour  Laboratories  was  used  in  the  in  itro 
expi'riments.  The  corticosterone  was  injected  as  a  suspension  in  Special  Fo'mula  ;  )  at 
a  concentration  of  5.0  mg.  0.5  ml.  in  Experiments  1,  2.  3  and  4  and  10  mg.,  0.5  i  .  in 
Experiment  5.  ui  all  cases,  the  ,\(’TH  and  corticosterone  were  injeeted  subcutain  isly 
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VBI.K  1.  LkvKLS  ok  IM.AS.MA  AM)  ADKKXAI.  CORTK'OSTKRON  K  IN  TIIK  NORMAL  RAT  KOI.I.OW  I  NO 
TllK  SKBCKTANKors  ADMINISTRATION  OF  5  MO.  OK  CORTK'OSTKRON K.  1']ni>KRIMKNT  1 


Time  of 

.\veragc 
body  wciglit 
in  gm. 

.\v'eragc 

(’•aticosterone 

sacrifice, 
loiirs  after 
injection 

Xumlier 
of  rats 

adrenal 
weight  mg./ 

2  adrenals 

Mg.  /  100  ml. 
of  plasma, 
mean  +  S.E. 

Mg.  ./adrenal, 
mean  +  S.  I'E. 

Controls 

28 

154 

27.  !• 

22. 0±  0.0 

0.40  ±0.00 

1 

8 

151 

24.0 

108.7+  17.0 

0.10  +  0.02 

2 

7 

148 

22 . 5 

101  .5+  14.8 

0.21  +0.02 

4 

«) 

1.52 

20 . 4 

05.0+  0.0 

0.10  +  0.02 

8 

8 

145 

20 . 1 

.52.8+  0.0 

0. 17  +  0.02 

iii  the  najM'  of  tlic  neck.  Wlicn  Ixitli  coiniiounds  were  iiijeeteil  into  the  same  animal,  they 
\\.  re  administered  on  oppositi*  sides  of  tlie  neck. 

EXPERIMENIAL 

Gi  m  rnl 

I  Experiments  I  and  2  were  jireliminary  in  nature.  Tliey  were  devised  to  determine  1) 
till  time  relationship  between  maximum  jilasma  corticosterone  levels  followiiiff  the  ad¬ 
ministration  of  o  mg.  of  corticosterone  and  2)  the  amount  of  .VC'TH  which  would  cause 
an  optimal  or  maximal  increase  in  adrenal  corticosterone  two  hours  after  its  injection 
(7'.  In  Expi'riments  3,  4,  and  5  the  effects  of  administered  corticosterone  on  the  resiionse 
of  tlie  adrenal  Khinds  to  exogenous  .XC'TH  was  .studied  in  normal  and  hypojihysectomizi'd 
rats.  Experiment  (i  was  the  countiTiiart  of  Experiments  8  and  4  wherein  the  same  effects 
were  studied  in  vitro. 

Experiment  1 .  Plasma  and  adrenal  corticosterone  levels  after  a  single  injection  of  n  mg. 
of  corticosterone.  In  this  experiment  57  rats  were  u.sed  of  which  2S  served  as  controls  and 
2!)  received  5  mg.  of  corticosterone.  The  rats  were  killed  in  groujis  (Table  1)  1,  2.  4,  and 
K  liours  after  the  injection.  The  plasma  corticosterone  level  was  determined  in  each  in- 
divdual  plasma  sample  while  the  ti.ssue  corticosterone  was  measured  in  each  pair  of 
adrenals. 

Experiment  2.  .\drennl  corticosterone  content  in  normal  rats  2  hours  following  the  injec¬ 
tion  of  ACTIl.  One  hundred  and  fifty-nine  rats  were  divided  into  12  groujis  (Table  2.) 


Table  2.  .\drenal  cortico.steho.ne  content  in  the  normal  rat  two  not  rs  after  the 

SI  BCUTANEOUS  IN.IECTION  OK  VARIOUS  DOSES  OK  .Vf'TIl.  EXPERIMENT  2 


.\('TH  dose,  i'.* 

Xiimher  of  rats 

-Vverage  body 
weight  in  gm. 

.\veragc  adrenal 
weight,  mg./2 
adrenals 

Mg.  of  cortico¬ 
sterone/adrenal, 
mean  +  S.I'E. 

Control 

28 

1.58 

27.7 

0.84  +  0.05 

0.4 

(> 

100 

80 . 7 

0.80  +  0.00 

0.0 

0 

202 

28.7 

0.40  +  0.10 

0.7 

0 

188 

21 .0 

0.57  +  0.11 

0.8 

12 

100 

27.4 

0.78  +  0.12 

1  .2 

12 

100 

28.0 

0.08  +  0.11 

1  .4 

12 

181 

28 . 2 

0.00  +  0.1 1 

1 .0 

18 

178 

28.4 

0.88  +  0.14 

2.0 

82 

172 

28.0 

0.00  +  0.07 

2.8 

5 

187 

21  .8 

0.05  +  0.12 

4.0 

20 

182 

24.7 

0. 01 +0.00 

8.0 

0 

120 

24.0 

1 .08  +  0.04 

’  International  Units. 
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Kk'von  groups  were  injected  with  0.4,  0.6,  0.8,  1.2,  1.4,  1.6,  2.0,  2.8,  4.0,  and  8.0  uni  s 
(u.)  respectively  of  .VCTH  gel.  The  twelfth  group  served  as  control  and  received  an  ii  - 
jection  of  Special  Formula  e(}ual  in  volume  to  the  largest  .\CTH  injection.  The  aninin  s 
were  killed  2  hours  after  the  injections  and  the  corticosterone  content  measured  in  eai  li 
pair  of  adrenals. 

Experiment  3.  Adrenal  corticosterone  level  in  intact  rats  2  hours  following  the  administr  i- 
tion  of  1)  2  u.  ACTU,  2)  2  u.  ACTIl  plus  5  mg.  corticosterone  and  3)  5  mg.  corticosteroi  c. 
Thirty-two  rats  were  used  for  1),  31  for  2),  and  1 1  for  3)  (Table  3).  Twenty-eight  aniimds 
which  served  as  controls  were  injected  with  volumes  of  Special  Formula  equivalent  to 
the  largest  injection  volume  used.  The  animals  were  killed  2  hours  after  the  injections 
and  the  corticosterone  content  measured  in  each  pair  of  adrenals. 

Table  3.  The  effect  of  .\CTH  ox  the  c<jxtent  of  adrenal  corticosterone  in  the  nor- 

MAL  RAT  IN  THE  CRESENCE  OR  ABSENCE  OF  ADMINLSTERED  CORTICO.STERONE 


1’ 

values 


0.10 


<0.0.j 


<0.01 


<0.01 


Exper-j 
iinent  | 

Protocol 

Num¬ 

ber 

of 

rats 

.Vverage 
body 
weight 
in  gm. 

.Vverage 

tulrenal 

weight, 

mg./2 

adrenals 

^g.  of  eorti- 
eosterone/ 
adrenal, 
mean  +  S.K. 

1 

ACTH,  2  V. 

32 

172 

28.0 

0.99  ±0.07 

.VC'TH,  2  r. -|-C'orticosterone,  5  mg. 

31 

171 

26 . 7 

0.83±0.07 

Corticosterone,  5  mg. 

11 

140 

27.1 

0.20  ±0.02 

Controls 

28 

164 

26.6 

0.39  ±0.05 

ACTH,  4  r. 

26 

131 

25.4 

0.91  ±0.06 

.VCTH,  4  r. -f-C/'orticosterone,  6  mg. 

26 

132 

24.7 

0.61  ±0.09 

C’orticosterone,  5  mg. 

19 

132 

26.8 

0.19±0.03 

Controls 

25 

131 

26 . 1 

0.42  ±0.05 

Experiment  4-  1  he  protocol  of  this  experiment  was  identical  to  Experiment  3  except 
that  4  c.  -VC'TH  were  used  instead  of  2  T.  Twenty-six  animals  were  used  for  1),  26  for 
2),  and  19  for  3)  (Table  3).  Twenty-five  animals  served  for  the  controls. 

Experiment  5.  Adrenal  corticosterone  level  in  hgpophysectomized  rats  following  re¬ 
peated  injections  of  .XCTII  and  ACTU  plus  corticosterone.  Preliminary  studies  showed 
that  the  corticosterone  content  of  newly  hypophysectomized  rats  variinl  greatly  from 
one  animal  to  another  either  in  groups  of  rats  receiving  no  .\CTH  or  those  groups 
receiving  .VC’TH.  For  this  reason,  it  was  decided  to  wait  until  the  basal  levels  of  adrenal 
corticosterone  were  constant  within  a  fairly  large  number  of  rats.  .V  period  of  at  !•  ast 
6  days  after  hypophysectomy  was  fouml  necessary  to  fulfill  these  requirements  in  rats 
receiving  no  -\CTH.  However,  after  this  period  it  was  found  that  the  rats  did  not  resj  uid 
in  any  uniform  manner  to  a  level  of  .VCTH  (1  u.)  which  was  sufficient  to  cause  uiuui  iiv- 
ocal  changes  in  the  adrenal  corticosterone  content  immediately  following  hypo'  !iy- 
.sectomj’.  The  effects  of  .VCTH  injections  and  .VCTH  plus  corticosterone  in  several  gr  ips 
of  these  animals  was  next  investigated.  This  was  done  to  overcome  the  known  la  at 
jieriod  between  the  time  of  .VCTH  administration  and  the  adrenal  response  with  res  I’Ct 
to  corticoid  production  in  hypophysectomized  animals  (9).  Thus,  it  was  expected  nat 
groups  receiving  daily  .VCTH  injections  for  several  days  would  have  a  greater  e  "ti- 
costerone  level  than  control  groups,  those  receiving  corticosterone  plus  .VCTH,  or  t  use 
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ceiviiis  cortico.storoiK'  alone.  'I'he  followiiif;  protocol  was  carred  out.  Six  days  followiiif* 
vi)ophy.sectomy.  ol  S|)raKUe-l)awley  rats  were  divided  into  five  groups  (Table  4). 
hree  groups  (a,  b,  e,  vide  infra)  were  injected  twice  daily  (8:30  a.m.  and  (ii.'fO  e.M.)  for 
period  of  four  days  and  the  animals  sacrificed  14  hours  following  the  last  injection.  The 
Irenal  corticostiTone  level  was  (h'terinined  in  each  j)air  of  adrenals.  The  last  two 
f.  (tups  (d  and  e)  were  treated  as  above  except  that  they  received  one  more  injection  on 
t  e  .ith  daj’  at  8:30  .a..m.  and  wen*  sacrific(‘d  2  hours  after  the  last  injection. 

(Irouj)  (a)  Control  group — 10  animals  injected  with  Special  Formula.  Sacrificed  on 
the  morning  of  the  fifth  day. 

(!rou|)  (b)  .VC'ITI — corticosterone — 14  hours  group — 10  animals  injecti'd  with  1  i'.  of 
.VCTH  j)er  injection.  Sacrificc'd  14  hours  following  the  last  inj(‘ction. 


Tabi.k  4.  The  efeect  ok  .VC'l'H  ox  the  context  ok  aohexal  cokticostekoxe 

IX  THE  IlYPOl'llYSEC'TOMIZEO  KAT  IN  THE  PKESEXCE  OK  ABSENCE  OK 
ADMIXISTEHEI)  <'OKTICOSTEKOXE.  HXPEKIMEXT  5 


( Jroups* 

\um- 

b<‘r 

of 

rats 

Aveiag»‘ 
body 
weight 
in  gm. 

.■Vv(‘rage 

adrenal 

weight, 

mg./2 

adrenals 

Mg.  of  corti¬ 
costerone/ 
adrenal, 
mt>an  ±  S.E. 

!• 

values 

(:i  ('ontrol 

7 

1 18 

11.7 

().07±0.01 

(li  .VC'l'H,  1 4  hours 

10 

123 

1 .  (•» 

0. 17±0.02 

<0.02 

(c)  AC'rH-Corticwsterom-,  14  luMirs 

10 

ll)<) 

18.7 

0. 10±0.t)3 

(ill  .VC'l'H,  2  hours 

1 1 

1 15 

10.5 

0.38  ±0.02 

<0.01 

(cl  AC'l'H-Corticosterone,  2  hours 

13 

104 

10.7 

0.30  ±0.04 

*  See  Experimental,  Experiment  5. 


(Irou])  (c)  -VC'l'H — corticosterone — 14  hours  grou|)  -10  animals  injected  with  1  v. 
AC'I'H  plus  10  mg.  corticosterone  per  injection.  Sacrifici'd  14  hours  following  the 
last  injection. 

drou])  (d)  -VC'l'H — 2  hours  grou)) — 11  animals  injected  with  1  u.  Af"!'!!  per  injec¬ 
tion  for  4  days  and  receiving  0.5  u.  .VC'  l'H  on  the  morning  of  the  5th  day.  Sacri- 
fic(‘d  2  hours  following  the  last  injection. 

( Jroup  (e)  A(''i'H — corticosterone — 2  hours  grouj) — 13  animals  injected  with  1  u.  |)lus 
10  mg.  corticosterone  per  injection  for  4  days.  Vs  with  group  (d)  the  animals  in 
this  grou])  received  a  final  injection  on  the  morning  of  the  5th  day,  consisting  of 
0.5  u.  -VC"!'!!  and  10  mg.  corticosterone.  Sacrificed  2  hours  following  the  last  injec¬ 
tion. 

I'xperiment  6.  The  effect  of  ACT II  in  the  presence  or  absence  of  corticosterone  on  rat 
ndmial  glands  incubated  in  vitro.  'I'wenty-eight  rats  were  sacrified  ('I'able  5).  Following 
extirpation  of  the  glands  these  were  cleaned  of  a<lherent  fat.  'I'he  a<lrenal  glands  of  each 
rat  were  kept  paired,  then  re-i)aired  by  cross-over  design  in  onh'r  to  obtain  a  uiuform 
•listribution  of  tissue.  Each  gland  was  then  sectioned  into  8  equal  sections.  'I'he  sections 
froM  each  paired  gland  were  wcigluul  and  preincubated  in  a  20  ml.  beaker  in  a  Dubnoff 
met  ibolic  shaking  incubator  acconling  to  method  of  Saffran  et  al.  (10).  A  one  hour  i)re- 
inci  bation  in  2  ml.  of  Krebs-Ringer  bicarbonate-0.01  M  glucose  medium  at  37°  C 
und  r  an  atmosphere  of  95%  02-5%  CO2  was  carried  out.  After  the  pre-incubation 
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Table  5.  The  inhibition  of  engodenous  corticosterone  produition  bv 

CORTICOSTERONE  ADDED  TO  ADRENAL  SECTIONS  INCCBATED  in  vilro 
IN  THE  PRESENCE  OF  AC’TH.  EXPERIMENT  G  (spp  addendum) 


CJroiips* 

i 

Average 
adrenal 
tissue  1 
weight,  ! 
mg. /flask  j 

Jig.  of  eortieosterone, 
mean  +  S.E. 

Control  (group  4)  1 

28.7 

3. 73 ±0.28  per  100  mg.  tissue 

.\CTH  (group  1)  ' 

26.1  1 

7.10  +  0.49  per  100  mg.  tissue 

Tissup  pliLs  Corticosteroiu'  (group  3) 

26 . 7 

19.75  +  0.30  per  flask 

Corticostoroiie  .VCTIl  (group  2) 

1  25.4 

j  20.24  +  0.34  jM-r  flask 

*  See  Experimental,  Exp»“riment  (>. 


the  medium  was  removed  ami  the  beakers  divhled  into  four  groups  of  seven  beakers. 
The  jirotoeol  for  the  final  one-hour  ineubation  was  as  follows: 


Krebs-Ringer-biearbonate  0.01  M  glucose 
0.05  r.  At'TH/O.l  ml.  0.154  M  Xael 
20  mK-  of  eortieosterone  in  0.1  ml.  100%  Ethanol- 
0.154  M  XaCl  (1:0  V/V) 

100%  Ethanol-0.154  M  XaCl  (1:0  V/V) 

0.154  M  XaCl 


Group  /, 

,  Group  2, 

,  Group  3, 

Group 

ml. 

ml. 

ml. 

ml. 

1  .6 

1 .6 

1 .6 

1  .6 

0.1 

0.  1 

— 

— 

_ 

0.1 

0.1 

_ 

0.1 

— 

— 

0.1 

0.2 

0.2 

0.3 

0.3 

After  the  final  incubation,  the  beakers  were  placed  in  cracked  iee  and  the  contents  of 
each  was  homogenized  in  an  all  glass  Potter-Klvejehm  homogenizer.  The  beakers  and 
homogenizer  were  rinsed  with  several  portions  of  1.7%  ethanol  which  were  then  added 
to  the  homogenate  and  then  made  up  to  a  final  volume  of  10  ml.  exactly  with  17% 
etlianol.  The  final  concentration  of  ethanol  was  13.6%  which  is  that  concentration  of 
ethanol  normalh’  iiresent  in  homogenates  of  adrenal  tissue  prior  to  the  fluorometric 
analysis  of  corticosterone  (6).  The  total  corticosterone  (tissue  and  incubation  medium) 
in  each  beaker  was  then  iletermined  by  taking  suitable  aliquots  of  the  ethanolic  homog¬ 
enate  (7). 


RESULTS  AND  COMMENTS 

Experiment  1.  As  can  he  seen  from  Table  1,  the  plasma  corticosterone 
levels  following  the  subcutaneous  injection  of  o  mg.  of  corticosterone  nuich 
maximum  values  of  103.7  ±  17.9  and  101. o  ±  14.3  mS-  P^i’  100  ml.  of  plasma 
at  the  first  and  second  hour  respectively  following  the  injection.  The  a  er- 
age  value  in  the  control  animals  was  found  to  be  22.0  ±0.0  mK-  pei‘  100  ml  of 
plasma.  The  values  for  adrenal  corticosterone  were  found  to  be  0.49  ±l  OO 
Mg-  per  adrenal  in  the  control  group  while  0.19+0.02,  0.21  +0.02,  1  10 
±0.02  and  0.17  ±0.02  mK-  per  adrenal  respectively  was  found  in  the  gre  ups 
killed  1,  2,  4,  and  8  hours  respectively  following  the  injection  (Tabk  1). 
The  differences  between  the  control  group  and  the  injected  groups  in  te  ms 
of  adrenal  corticosterone  content  were  statistically  significant  (P  va  les 
<0.02,  0.05,  0.01,  and  0.02  for  groups  killed  1,  2,  4,  and  8  hours  res  ec- 
tively).  The  above  results  permitted  two  conclusions.  Firstly,  that  adi  in- 
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<tere(l  corticosterone  did  not  accumulate  in  the  adrenal  and  secondly,  that 
;s  administration  appeared  to  cause  an  inhibition  of  endogenous  cortico- 
lerone  production  very  shortly  after  its  administration.  This  effect  per- 
iSted  for  a  period  of  at  least  S  hours.  Because  of  these  facts  and  since  it  has 
ceil  found  that  there  is  a  maximum  elevation  of  adrenal  and  plasma  corti- 
osterone  approximately  2  hours  after  the  administration  of  ACTH  (7),  a 
wo-hour  lapse  of  time  after  injection  of  ACTH  alone  or  in  combination 
ith  cortico.sterone  was  thought  suitable  to  study  the  effects  of  these  .sub- 
ances.  Thus  it  was  surmised  that  if  the  animals  were  sacrificed  2  hours 
;  Iter  the  injection  of  corticosterone  one  would  expect  a  minimal  adrenal 
(  aticosterone  level  at  this  time,  a  maximal  level  after  ACTH  administra- 
Don  and  a  combination  of  effects  when  both  substances  were  administered. 

Experiment  2.  This  experiment  was  designed  to  ascertain  how  many  units 
oi  ACTH  would  be  reipiired  to  just  olitain  a  maximum  response  of  the 
adrenal  without  “.saturating”  the  animal  with  this  substance.  The  dosage 
1(  vel  for  ACTH  had  to  be  adjusted  also  so  that  it  would  be  expected  to 
siimulate  the  adrenal  glands  maximally  even  when  the  endogenous  out¬ 
put  of  ACTH  would  be  repressed  by  administration  of  exogenous  cortico¬ 
sterone.  The  re.sults  of  the  do.se  response  experiment  are  shown  in  Table  2. 
d’lie  plateau  of  response  to  a  single  subcutaneous  injection  of  .ACTH  begins 
at  a  dose  level  of  2  units.  The  amount  of  adrenal  corticosterone  can  be  re¬ 
lated  to  the  amount  of  .ACTH  administered  only  in  a  very  approximate 
manner. 

Experiments  3  and  4-  Table  R  indicates  that  when  2  or  4  units  of  .ACTH 
arc  injected  in  the  pre.sence  of  o  mg.  of  corticosterone  the  level  of  adrenal 
corticosterone  is  less  than  when  the  same  amount  of  .ACTH  is  injected 
alone.  The  P  value  is  not  within  the  limits  of  acceptability  when  .ACTH  is 
injected  at  the  2  unit  level.  It  is  highly  significant,  however,  at  the  4  unit 
level  (P<().01).  When  only  corticosterone  was  injected  the  values  are  sig¬ 
nificantly  lower  than  the  control  groups  and  confirm  the  re.sults  obtained  in 
Experiment  1  (Table  1).  Thus,  from  these  results  it  would  appear  that  cor- 
ti(*()sterone  has  an  inhibitory  effect  upon  its  own  production  at  the  adrenal 
level.  It  is  unlikely  that  the  effects  seen  with  the  combination  .ACTH  plus 
corticosterone  can  be  attributed  to  the  inhibition  of  endogenous  .ACTH  by 
the  corticosterone  administered.  It  is  not  unreasonable  to  assume  that  the 
amount  of  circulating  .ACTH  resulting  from  the  injections  of  .ACTH  would 
h(  far  greater  than  that  amount  which  would  have  been  produced  by  a  fully 
activated  hypophy.sis.  Becau.se  the  difference  in  the  adrenal  corticosterone 
le\(>l  between  the  .ACTH  and  .ACTH  plus  corticosterone-treated  animals 
\v;i'  significant  in  only  one  of  two  cases  (Experiment  4),  an  attempt  was 
m,  de  to  obtain  more  clear  cut  evidence  using  hypophysectomized  animals. 
In  this  ca.se  also,  the  factor  of  endogenous  production  of  .ACTH  would  be 
eli  ninated. 

Experiment  5.  Due  to  the  different  experimental  design  when  carrying 
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out  similar  studies  as  l‘]xp(‘riment  4  in  the  hypopliyseetomized  animal,  and 
for  reasons  given  in  the  experimental  section,  the  results  between  Hxperi- 
ments  4  and  o  cannot  be  compared  on  an  absolute  basis.  However,  Table  4 
shows  that  0.17  ±0.02  /zg.  of  corticosterone  per  adrenal  was  found  when  tlie 
hypopliyseetomized  rats  were  killed  14  hours  after  the  last  injection  of 
.\('TH  as  compared  to  0.10  ±0.0d  mK-  pe*’  adrenal  found  in  the  ACTH  plus 
corticosterone  group.  The  difference  between  these  two  groups  of  animals 
was  highly  significant  (P  <0.02).  In  the  ACTH  group  decapitated  2  houis 
after  the  last  injection,  the  level  of  adrenal  corticosterone  was  0.^18  ±0.02 
Mfj;.  per  adrenal  while  the  .ACTH  plus  corticosterone  group  was  0.30  ±0.01 
/ug.  per  adrenal.  .Vlthough  it  would  appear  that  there  is  no  significant  differ¬ 
ence  between  the  mean  of  the  last  two  groups,  the  P  {  <0.01)  .still  indicates 
that  the  difference  between  tlie  ACTH  group  (d)  and  the  ACTH-cortico- 
sterone  group  (e)  was  highly  significant.  The  explanation  for  this  apparent 
paradox  is  due  to  the  fact  that  in  group  (e)  2  values  were  very  high  (O.O.'l, 
0. ■)()),  whereas  the  11  remaining  ones  were  below  0.28  /xg.  adrenal.  The  con¬ 
trol  group  at  the  time  of  .sacrifice  gave  a  mean  value  of  0.07  ±0.01  mR-  corti¬ 
costerone  adrenal.  These  results  support  and  extend  tho.se  obtained  in  lOx- 
peuiments  3  and  4  and  indicate  that  the  production  of  corticosterone  is  to 
.some  extent  regulated  by  the  plasma  level  of  the  same  compound.  This  in¬ 
hibitory  effect,  therefore,  would  not  appear  to  be  mediated  via  the  pituitary 
since  it  was  obtained  in  normal  (experiments  3  and  4)  as  well  as  in  the  hy- 
pophysectomized  (lOxperiment  o)  rats.  In  the  hypopliyseetomized  rat  the 
difference  in  adrenal  corticosterone  level  lietween  the  ACTH  and  .AC'Tll 
plus  corticosterone  treated  groups  varied  greatly  according  to  the  time 
when  the  last  injection  was  given.  Thus,  when  the  last  injection  was  giviai 
1  1  hours  prior  to  sacrificing,  the  ACTH  group  was  70%  higher  in  terms  of 
adrenal  corticosterone  content  than  the  .VCTH  plus  corticosterone  group. 
If  the  last  injections  were  given  2  hours  prior  to  sacrificing,  the  .VCTll 
group  was  only  2()%  higher.  The.se  results  .suggest  that  the  inhibitory  effect 
of  corticosterone  on  corticosteroid  production  at  the  adrenal  level  can  be 
overcome  by  large  doses  of  .AC'TH,  or  when  .ACTH  is  circulating  at  a  hipli 
concentration.  It  is  interesting  to  note  also  that  the  groups  receiving  ACTi  I 
had  greater  adrenal  weights  than  the  control  group.  This  occurred  ind  - 
pendently  of  whether  corticosterone  was  admini.stered  with  ACTH  or  n<  '. 
Therefore,  it  would  appear  that  in  the  ACTH-corticosterone  group  the  t\  ) 
main  actions  of  the  adrenocorticotropic  hormone,  a)  stimulation  of  cor  - 
costeroidogenesis  and  b)  trophic  effect  appear  to  be  partially  di.ssociati  1. 
This  observation  is  .supported  by  Stebbins’  (11)  findings  which  indicat  I 
that  administration  of  corticoids  does  not  decrease  the  adrenal  weight  4 
hypopliyseetomized  rats. 

Experiment  6.  The  results  of  this  experiment  are  given  in  Table  o.  T  c 
glands  in  the  control  group  produced  3.73  ±0.28  /xg.  of  corticosterone  ]  r 
100  mg.  of  wet  adrenal  ti.ssue  whereas  glands  incubated  in  the  presence  >f 
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0.050  unit  of  ACTH  produced  7.10  ±0.49  of  cortico.'^terone.  Tlie  difference 
m  the  values  was  highly  significant  (P  <0.001).  The  stimulating  effect  of 
VCTII  was  not  observed  when  corticosterone  was  added  in  the  presence  of 
VC'TII.  In  group  .4,  19.75  ±0.. 49  gg.  of  corticosterone  per  flask  was  recov- 
■red,  a  value  not  differing  significantly  from  that  found  (20.24+0.44 
!g./flask)  in  the  corticosterone-ACTH  group  (P>0.40).  Since  recoveries 
rom  medium  alone  following  a  one-hour  incubation  were  9S.()±1.9%  the 
ow  value  19.75  ±0.49  found  for  the  corticosterone  group  can  probably  be  at- 
libuted  to  incomplete  recoveries.  In  agreement  with  the  previous  in  vivo 
tudies,  these  results  indicate  that  corticosterone  inhibits  the  action  of 
vCTlI  by  a  direct  action  upon  the  adrenal  gland. 

Identical  incubation  experiments,  carried  out  with  smaller  additions  (5 
;,nd  10  gg.)  of  corticosterone,  failed  to  show  any  inhibitory  effect  of  the 
iidrenal  response  to  ACTH.  The  rea.'^on  for  the  lack  of  an  inhibitory  effect 
at  these  concentration  levels  is  unknown.  It  is  conceivable  that  an  optimal 
( oncentration  of  corticosterone  must  be  present  in  the  flasks  before  inhibi¬ 
tion  of  ACTH  acfion(s)  occurs.  If  this  is  so  it  would  preclude  corticosterone 
acting  as  a  competitive  inhibitor  of  ACTH. 

GENERAL  DISCUSSION 

The  results  reported  here  lend  support  to  the  theory  that  the  amount  of 
corticoid  production  in  the  normal  or  excited  state  is  not  governed  .solely  by 
the  hypophysis  and  the  amount  of  ACTH  which  it  releases.  Thus,  it  is  in¬ 
dicated  that  corticosterone,  the  main  .steroid  hormone  secreted  by  the  rat 
adrenal,  inhibits  its  own  production  by  interfering  with  the  action  of 
.\('TH  at  the  adrenal  level.  This  type  of  effect  has  also  been  reported  with 
protein  hormones  which  inhibit  the  glands  which  are  involved  in  their  man¬ 
ufacture.  Thus,  the  exogenous  admini.stration  of  insulin  re.sults  in  an  at¬ 
rophy  of  the  islets  of  Langerhans  (12,  14)  and  the  injection  of  ACTH  to 
adrenalectomized  rats  produces  a  diminution  in  the  ACTH  content  of  the 
hypophysis  (14,  15,  lb).  Birmingham  and  Kurlents  (5)  have  also  found  that 
cortisol  and  corticosterone  inhibit  the  action  of  ACTH  in  vitro  and  have 
sugge.sted  on  the  basis  of  this  and  other  evidence  that  an  inhibition  of  the 
jiituitary  adrenal  .system  by  adrenal  cortical  .steroids  may  occur  at  the 
level  of  the  adrenal  cortex.  It  is  intere.sting  to  note  also  that  the  work  of 
bangecker  and  Lurie  (4)  support  the  above  possibilities.  They  found  that 
tl'c  adrenals  of  hypophy.sectomized  rats  pre-treated  with  cortisone  had  a 
much  lower  response  to  injected  ACTH  than  those  rats  receiving  no  corti- 
.sotie  as  measured  by  the  ascorbic  acid  depletion  test. 

It  is  difficult  at  present  to  know  whether  the  results  obtained  represent 
tl  o.se  which  can  po.ssibly  occur  under  normal  physiological  conditions. 
A  though  the  amount  of  corticosterone  injected  in  Kxperiments  4  and  4 
aj  pears  large,  the  concentrafion  of  plasma  corticosterone  at  the  two-hour 
p  riod  was  only  twice  that  which  was  found  when  2  units  of  ACTH  were 
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administered  (101.5  n^.  %  versus  47.7  mS-  %)  (")•  Thus,  the  relatively 
large  subcutaneous  injections  of  corticosterone  do  not  elevate  the  circu¬ 
lating  blood  corticosterone  to  levels  which  are  greatly  abnormal  for  any 
one  period  of  time. 

Further  .studies  will  be  required  to  investigate  whether  different  concen¬ 
trations  of  pla.sma  corticosterone  will  give  different  degrees  of  inhibition 
at  the  adrenal  level. 

Any  attempt  to  predict  at  which  point  or  step  corticosterone  inhibits 
ACTH  action  would  be  speculative.  Experiments  designed  to  investigate' 
this  problem  will  have  to  be  run  with  the  view  in  mind  of  answering  the 
(luestion  as  to  whether  corticosterone  inhibits  the  primary  step(s)  which 
ACTH  activates  (19)  and  or  whether  it  inhibits  at  different  step(s)  in  the' 
corticosteroidogenic  chain  for,  c.g.,  pregnenolone  to  de.soxycorticosterone. 

Addendum 

Since  .subrni.ssion  of  the  manuscript  additional  iu  vitro  experiments  were 
carried  out  by  incubating  corticosterone  and  cortisol  in  the  presence  of 
ACTH.  We  have  not  been  able  to  substantiate  the  results  of  the  in  viiro 
experiment  reported  above  when  the  same  concentration  of  steroids  and 
ACTH  were  used  in  the  incubations.  However,  in  r/ro  experiments  carried 
out  with  cortisol  and  cortisone  are  in  complete  accord  with  the  reported 
results  and  conclusions. 
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ABSTRACT 

IVrmaiK'ut  cannulas  wore  ])lacc<l  in  the  adnuial  veins  of  (Inf's  and  minute 
cortisol  output  was  ineasun'd  prior  to  and  followinfi  injections  of  triiodotliyro- 
acctic  acid,  triiodothyronine  and  thyroxine,  ('ortisol  output  was  increascal 
within  30  to  120  minutes  after  the  inj(‘ction  of  the  thyroxine  analogs,  hut 
not  after  thyroxine,  to  the  same  extent  as  that  found  in  control  animals 
given  corticotropin.  The  adrenal  response  to  thyroxine  analogs  could  not  he  ob¬ 
tained  in  hypojjhysectomized  dogs.  Infused  cortisol  disappeared  from  the 
])lasma  at  a  more  rapid  rate  in  dogs  pretreated  with  triiodothyronine  than  in 
controls.  It  is  sugg(>st('<l  that  the  rate  of  peripheral  steroid  metabolism  is  in- 
crc'ased  due  .to  the  thyroxine  analogs,  which  in  turn  stimulates  the  release  of 
corticotropin. 

WHEN  cortisol  was  infused  into  patients  with  thyrotoxicosis  the 
turnover  rate  of  the  hormone  was  accelerated  on  the  basis  of  the 
calculated  removal  of  the  steroid  from  the  pla.sma  (1).  The  study  de.scrihed 
in  this  paper  was  undertaken  to  clarify  the  direct  effect  of  the  thyroid 
hormone  or  its  analogs  on  the  production  of  cortisol,  the  principal  glyco- 
corticoid  .secreted  by  the  canine  adrenal  cortex  (2). 

M.\TERIALS  AND  METHODS 

Adult  mongrel  dogs  ranging  from  9  to  24  Kg.  in  wciglit  were  used.  .\11  were  anesthe¬ 
tized  with  pentobarbital  sodium  (30  mg.  Kg.)  before  being  sul)j('cted  to  experimental 

Received  March  S,  1900. 

'  This  investigation  was  supported  in  part  1)\'  a  research  grant  from  Merck  and  Co., 
liic.,  Rahway,  New  Jersej-. 

■  The  data  contained  in  this  paper  is  i)art  of  a  thesis  submitted  by  the  senior  author 
t(i  the  Graduate  School  of  the  University  of  Minnesota  in  partial  fulfillment  of  the  n'- 
(piirements  for  the  degree  of  Doctor  of  Philosophy. 

'  This  work  was  presented  in  part  on  the  j)rogram  of  the  38th  Annual  Meeting  of  the 
I'.riilocrine  Societ}’,  Xew  York,  X.  Y.,  June,  1957. 

^  Present  address:  Department  of  Medicine,  University  of  .Arkansas  Medical  Center, 
LiUle  Rock,  .Arkansas. 

“  Present  address:  Department  of  Surgery,  Medical  College  of  Virginia,  Richmond, 
Vii  gina. 

Present  address:  Department  of  Xeurosurgery,  Long  Beach  Veterans  Hospital,  Long 
B(  ich,  California. 


389 


390 


.MELHY,  E(;i)AHL.  STORY  AND  SIMNK 


Volume  t)7 


pntcoduros.  A  pi'miancnt  j)<)lyt*thylono  <*anmil:i  was  j)lac«'(l  in  the  rif{ht  lumbo-adrona 
vein  of  each  of  20  dogs,  aeeording  to  the  teciinique  deserihed  l)y  Hume  and  Nelson  (3) 
Tliis  preparation  permitted  intermitt<‘nt  eolleetion  of  the  total  venous  effluent  of  tie 
right  adrenal  gland.  Adrenal  venous  blood  was  collected  for  5-minute  periods  at  varyins. 
intcTvals;  each  eannula  being  filled  with  4%  heparin  in  physiological  saline  solutioi 
between  the  jieriods  of  collection.  P^xperiments  were  carried  out  IS  to  24  hours  after  tin 
cannula  had  been  inserted.  Perii)heral  blood  specimens,  obtained  from  the  femoral  veil 
by  means  of  a  small  gauge  polyethylene  catheter,  and  the  samjiles  of  adnmal  vein  blood 
were  analyzed  for  cortisol  by  a  modification  of  the  method  of  Silber  and  PortiT  (4)  a 
described  by  Wu  and  Mascm  (5).  This  method  is  specific  for  steroids  with  the  17.21- 
dihydroxy-2()-keto  configuration,  including  cortisol,  corti.sone.  compound  S.  and  theii 
dihydro-  and  tetrahydro-derivatives.  Within  this  group,  oidy  cortisol  exists  in  caniin 
l)lasma  in  significant  conc(“ntrations. 

Solutions  of  3:5:3'-L-triiodothyronine,  3:5:3'-L-triiodothyroacetic  acid  and  L-thy- 
roxine"  were  prepared  as  follows:  40  mg.  of  each  was  dissolved  in  13  ml.  of  0.01  N  sodium 
hydroxhle  and  900  mg.  of  sodium  chloride  was  added.  These  .solutions  were  diluted  to  a 
final  volume  of  100  ml.  with  cold,  freshly  distilled  water  and  autoclaved  at  10  pounds 
l)ressure  for  30  minute's;  0.1  ml.  of  these*  se)lutie)ns  ce)ntaineel  40  /eg.  e)f  each  eef  the  thyroid 
he»rmeuu*s.  The*  pH  eif  the  solutions  was  appreeximately  8.0. 

A  solutieen  e'eentaining  ne)  hormeene'  was  j)repareel  in  the  same  way  and  was  elesignated 
as  “ve'hicle”  feer  j)urpe»se‘s  eef  e*e)ntre)l.  .\11  solutions  were  renewed  after  4  days. 

EXFERIMENT.\L  PROCEDATRE 

.\fter  e'eelle'ctieen  eef  a  sample  eef  aelrenal  ve'iious  bleeoel,  e*ach  e)f  10  deegs  ree'eive'el  4  mg. 
e)f  triioeleethyroae'etic  acid  rapidly  inje'cte'd  intraveneeusly.  -Vdrenal  veneeus  eftiue'iit  was 
cedh'cte'el  at  30,  (50,  120,  and  ISO  minute's  feelleewing  the  injectieen.  The  spe'cimens  we'et* 
then  analyze'd  feer  ceertiseel,  and  the  output  of  ceertiseel  from  the  right  adrenal  glanel  was 
calculateel.  .After  ceentreel  spe'cimens  were*  eebtaiiU'el,  an  inje'ction  of  0.8  mg.  of  L-triieedo- 
thyreenine  was  given  e'ach  of  three  eleegs;  a  deese  of  4  mg.  of  L-thyreexine  was  inje'cte'el  into 
thre'e  eethers;  and  10  ml.  eef  vehicle  was  rajeielly  inje*e*te*el  into  twee  eleegs.  The  colle'ctioii 
anel  treatment  eef  specimens  eef  adre'iial  veneeus  bleeeeel  have  be'en  eh'scribe'el  abeeve*.  Twe*nty- 
five  r.S.P.  units  eef  corticeetropin  (Tpjeehn,  Sterile  Corticeetroiein  Injectieen)  elisseelve'd  in 
10  ml.  eef  neermal  saline  was  rapielly  injected  intraveneeusly  anel  se'rial  bleeod  spe'e'imciis 
we*re  ceelle'cte'el  freem  the  right  aelrenal  at  the  same  intervals  as  those  feelleewing  the*  injt  c- 
tieen  eef  the  thyreeid  heermone  analeegs. 

P'ive  animals  with  permanent  aelrenal  vein  cannulas  underwent  hypeeiehyse'cteimy 
threeugh  a  transtemjeeeral  ajejereeach.  Experiments  een  the\se  eleegs  were  carrieel  eeut  within 
3  tee  (e  heeurs  feelleewing  hyjeeejehysecteemy.  P'eeur  mg.  eef  L-triieeelothyreeacetic  aciel  was  in¬ 
je'cte'd  intraveneeusly  intee  e'ach  eef  the  hypeephyse*cteemizi'il  eleegs  after  a  ceentreel  spe'cini  n 
has  be'cn  eebtaineel.  Subsequent  samjeles  eef  aelrenal  veneeus  blooel  were  obtaineel  at  30.  '  9. 
120,  and  180  minute's  following  the  inje'ctieen. 

In  eereler  tee  eletermine  the  rate  of  removal  of  exeegeneeus  ceertiseel  freem  the  plasma,  m 
intravenous  injection  eef  cortisol  as  the  succinate*  ester  elisseelveel  in  2  ml.  eef  elistil  d 
water  (I'pjeehn,  Hyelreeceertisono  Soelium  Succinate)  was  given  in  a  elosage  of  5  mg.  I  g. 
tee  10  neermal  anesthetizeel  eleegs  anel  tee  five  dogs  that  hael  received  intravenous  injecti*  is 
eef  L-triieeeleethyreenine  in  a  eleese  eef  10  mK-  Kg.  at  24  and  (e  heeurs  prior  to  the  inje'ctioi  d 
ceertiseel. 

''  The  L-triieeeieethyronine,  L-triiodothyroacetic  acid  anel  L-thyroxine  were  genereei  ly 
supplied  by  Smith,  Kline  and  French  Laboratories  through  the  courtesy  eef  Air.  J'  m 
Clipson. 
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Samples  of  ijorijiheral  (femoral)  venous  blood  were  obtaiiied  immediately  i)recedinf!; 
lie  administration  of  the  eortisol  sodium  sueeinate  and  at  30,  00,  90,  and  120  minutes 
'heri'after.  I’lasma  eortisol  eoneeiitrations  were  determined  as  deseribiHl.  The  sodium 
■  uecinate  ester  of  eortisol  was  ('inployed  hi'eause  it  is  highly  soluble*  and  ean  be  ad- 
iiinisten'd  in  a  small  volume  of  aqueous  diluent  in  a  few  seeonds.  The  ester  is  not  e.\- 
raeted  from  plasma  by  methylene  ehloride  whieh  is  the  solvent  used  in  the  determina- 
lon  of  plasma  eortisol  (0). 


RESULTS 

Adrendl  secretorij  response  to  thfiroxine  analogs,  L-(hgroxine,  and  eortieo- 
.  opin.  The  mean  outputs  of  eortisol  from  tlie  right  adrenal  gland  in  re¬ 
sponse  to  these  stimuli  are  shown  in  Table  1.  The  results  are  tabulated 
mean  values  for  the  eontrol  period  and  as  mean  maximum  values  reached 


Table  I.  C'ortisol  ovti’i  t  from  the  rioht  adre.nal  olaxd  in  response 

TO  ANALOOS  OF  THYROXINE 


Cortisohoutput  in  jig./min. 


Tost  matcriiil  I 

1  )().««> 
(niK.i 

No.  of 
dogs  ! 

Pituitary 

status 

Mean 

control 

Icvi'ls 

Mean  maxi¬ 
mum  values 
after  test 
material 

i.-i  riiodothyroacctic  acid 

4.0 

10 

Intact 

1  .  1+0.7* 

10.9+4.2 

L-l  fiitid<)tliyr<»acctiV  acid 

4.0 

5 

Ilypox.t 

0.4 +  0.3 

0 .  ti  +  0 . 1 

L-t  riiodot  hyroninc 

0.8' 

3 

Intact 

0.9 

9. 7 +  2. 8 

i.-tliyroxiiu* 

4.0 

3 

Intact 

0.3 

0.7 

('(irticotropin 

25  units 

3 

Intact 

0 .  .5 

11.7 

Vcliiclc  i 

2 

Intact 

0.5 

0.8 

*  Standard  deviation, 
t  llypoplp'seetoinized. 


(luring  the  test  period.  The  basal  output  of  eortisol  averaged  less  than  1 
Mg.  min, 

Xo  sigtiifieant  change  in  adrenal  secretory  activity  occurred  following 
injection  of  the  vehicle  or  L-thyroxine.  Injection  of  triiodothyroacetic  acid 
failed  to  elicit  an  adretial  .secretory  response  in  hypophy.sectomized  dogs. 
The  degive  of  stimulation  of  cortisol  secretion  following  triiodothyronine 
and  triiodothyroacetic  acid  is  comparable  to  that  obtained  following  intra¬ 
venous  corticotropin. 

h’ate  of  disappeara nee  from  the  plasma  of  eortisol  in  dogs  pretreated  with 
triindothgronine.  In  Table  2  are  presented  the  mean  concentrations  of 
pla  ina  cortisol  in  dogs  pretreated  with  triiodothyronine  and  in  controls 
before  and  after  an  intravenous  injection  of  cortisol  as  the  succinate  ester. 
.\ll hough  the  ranges  of  corti.sol  levels  are  con.siderable,  the  values  for  each 
ind'vidual  animal  plotted  on  semilogarithmic  paper  are  linear  and  the 
eah  iilated  standard  errors  of  the  differences  (So)  of  the  means  of  the 
con  rol  and  test  groups  indicate  that  the  differences  are  highly  significant. 
Fro  n  the  data  obtained  from  each  individual  dog  the  biological  half-life 
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Table  2.  The  disapi’earaxce  of  cortisol  from  the  plasma  in  ooos  pre¬ 
treated  WITH  TRIIODOTHYROXIXE  FOLl.OWIXG  AX  IXJECTIOX  OF 

CORTISOL  (5  mo./Kh.)  as  the  scccixate  ester 


Mean  ])lasma  cortisol  concentration  in  Mean 

Aig./lOO  ml.  biological 


No.  of 
ilog.s  ' 

Prior  to 
exogenous 

Minutes  after  injection  of  | 

corti.sol  21-hemisueeinate 

half-life 
of  infused 
eortisol  in 
plasma 
(in  minutes  1 

eortisol 

30 

00 

00 

120 

('oiitrol.'i 

10 

(0-12)* 

128 

(100-103) 

01 

(75-140) 

ot) 

;  (41-120) 

45 

(25-01) 

j  50 . 4 

I’rptrpiiteff  with 

L-t  riiodothyronine 

! 

0 

(0-10) 

142 

1  (118  108) 

.50 

(41-  72) 

,  32 

1  (28-  30) 

18 

i  (14-25) 

31.3 

Sii** 

±1.33 

’  ±12.3 

±0.2 

,  ±8.0 

1  ±0.8 

p=<.001 

*  Range. 

**  Standard  error  of  the  difference  of  means  of  control  and  test  groups. 


of  infused  cortisol  was  calculated  by  the  method  of  the  least  stjuares.  The 
mean  biological  half-lives  are  shown  in  Table  2.  The  mean  biological  half- 
lives  are  based  on  the  average  slope*  of  individual  cortisol  levels  plotted 
on  semilogarithmic  paper.  The  “t”  value  derived  was  4.99  which  is  well 
over  the  99%  confidence  limits.  The  rate  of  disappearance  of  infused 
cortisol  is  much  more  rapid  in  animals  pretreated  with  triiodothyronine. 
The  biological  half-time  in  the  pretreated  group  was  oidy  oo%  of  the 
control. 

DISCUSSION 

These  experiments  show  that  adrenal  secretion  of  cortisol  i.s  increased 
shortly  after  an  intravenous  injection  of  active  analogs  of  thyroxine.  The 
magnitude  of  adrenal  secretory  response  is  similar  to  that  ob.served  follow¬ 
ing  a  large  dose  of  corticotropin.  An  intact  pituitary  is  essential  for  thyrox¬ 
ine  analogs  to  augment  cortisol  production.  The  lack  of  adrenal  response 
to  thyroxine  may  be  due  to  the  latent  period  involved  in  thyroxine  activ¬ 
ity,  since  deiodination  of  thyroxine  by  the  tis.sues  to  a  more  active  form 
has  been  postulated. 

The  biolgical  half-life  of  injected  corti.sol  is  shortened  in  animals  j  re- 
treated  with  triiodothyronine.  This  phenomenon  has  been  ob.served  in 
humans  with  thyrotoxico.sis  and  is  thought  to  repre.sent  increased  catiiho- 
lism  of  the  steroid  by  the  liver  (1).  In  vitro  studies  by  Yates  et  at.  (7)  h  ive 
shown  accelerated  metabolic  transformation  (Ring  A  reduction)  of  c(  ti- 
sone  by  liver  from  rats  pretreated  with  triiodothyronine.  McCJuire  C’  ol. 
(S)  have  demonstrated  that  the  rate  of  Ring  A  reduction  of  steroici  is 
dependent  upon  available  TPXH,  which  regularly  increases  in  rats  re¬ 
treated  with  triiodothyronine.  It  is  po.ssible  that  accelerated  enzyn  tic 
reduction  of  circulating  cortisol  provides  the  stimulus  to  the  relea^  of 
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orticotropili  following  an  injection  of  the  active  analogs  of  thyroxine  in 
he  (log. 
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SOME  BIOLOGICAL  PROPERTIES  OF  A  PERHYDRO- 
PHEXAXTHREXE  DERIVATIVE^ 

IIALPII  1.  DOKFMAX  and  DEAX  STFVEXS 

Worcester  Foundntion  for  Fxperiinentol  Biology,  Slireu'shiirj/,  Mnssneliusetts 
ABSTRACT 

Th(‘  compounil  R<i  2-72.39  (2-ac‘(“tyl-7-<)X()-l.2.3,4,4:i,4l),.5,r),7,9, 10,  lOa- 
dodecahydrophcnanthroiu')  has  l)e(*»  dcnioiistratcMl  to  poss(‘ss  aiidroft(*»ic  and 
anti-androKonic  activity  when  tested  on  the  chick’s  coinh  and  the  seminal  vesi¬ 
cles,  prostate,  and  levator  ani  muscle  of  the  castrated  rat.  A  rou^h  estimate' 
would  assiftn  a  ))otency  of  1  100th  the  relative  activity  on  the  Basis  of  the 
chick  com!)  and  1 /400th  on  the  Basis  of  the  rat  acce.ssories  when  comi)ared  to 
testosterone,  (^uite  unlike  te'stosterone  Ro  2-7239  ))roduces  a  shallow  dose- 
response  curve. 

Ro  2-7239  pos.sesses  no  (h'lnonstrahle  estrogenic  activity  either  By  suBcu- 
taneous  injection  (less  than  1/1 0,000th  of  estrone)  or  By  ftnvaf'e  (less  than 
1  300th  of  estrone).  Xeitlu'r  could  anti-estrofjenic  activity  Be  demonstrated. 

This  j)henanthr<'ne  derivative,  when  administered  orally  or  By  suBcutaneous 
injection.  iiduBited  the  formation  and  or  ri'lease  of  |)ituitary  Koinidotrojjin  as 
jinlfted  By  the  ovarian  w('i}tht  of  an  intact  female  in  |)araBiosis  with  a  castrated 
male  rat. 

PREVIOUS  studie.s  have  clearly  indicated  that  ‘2-acetyl-7-oxo-l,2,:i,l,- 
4a,41),.5,(),7,thlO,l()a-dodecahydrophenanthrene  (Ro  2-72:it))  possesses 
l)oth  androgenic  activity  in  the  chick  (1)  and  anti-androgenic  properties 
in  the  rat  (2)  and  chick  (d).  This  communication  deals  with  the  androgenic 
properties  of  this  compound  both  in  the  chick,  as  previously  reported,  and 
in  the  castrated  rat,  which  is  descril)ed  here  for  the  first  time,  in  addition 
to  other  liiological  properties  including  pituitary  gonadotropin  iniiibition. 

METHODS  ANT)  MATERIALS 

White  leghorn  chicks  wort*  oBtained  from  Hall  Bros.  Hatchery  in  Wallingford,  Conn., 
and  arrived  in  the  laBoratory  within  one  day  of  hatching.  The  various  test  mateiials 
were  admi.xed  with  food,  injeeted  in  an  aqueous  suspension  eonsisting  of  sodium  chloride 
(0.9%),  polysorBate  SO  (0.4%),  carBo.xymethylcellulose  (0..5%),  and  Benzyl  ale  liol 
(0.9%),  or  inuncted  directly  on  the  comB  in  a  sesame  oil  solution.  The  detailed  ro- 
cedures  for  eaeh  experiment  are  recorded  in  the  tables  and  in  each  instance  comB  iiid 
Body  weights  were  determined  24  hours  after  last  treatment. 

Male  alBino  rats  were  oBtained  from  The  (’harles  Riv('r  Bree<ling  laBoratorie>  iiid 
arriv('d  in  the  laBoratory  at  21  days  of  age  and  were  ust'd  4  tf)  7  days  later.  The  cst 

Received  March  8,  19(50. 

•  Supported  in  j)art  By  grants  from  the  I'.S.P.H.S.  No.  C’Y-2193  and  Hoffn  nn- 
La Roche,  Inc. 
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compounds,  suspended  in  the  same  acpieous  v(diiele  as  used  for  tlie  eliiek  experiments, 
vere  injected  subeutaneously.  If  two  eomj)ounds  were  administered  simultaneously  l)y 
njeetion,  separate  sites  were  used  to  avoid  problems  of  interaetion  or  absori)tion  delays 
t  the  site. 

Standard  histolosieal  procedures  were  used  in  i)reparinf!;  the  tissue  for  mieroseopie 
valuation.  The  freshly  removed  tissues  were  coded  to  disguise  their  identity,  fixed  in 
[)%  formalin,  dehydrated,  imbedde<l  in  jjaraffin,  and  serial  st'ctions  cut  at  4  mi<Tons. 
he  sections  were  stained  with  Delafield’s  hematoxylin,  eounterstained  with  eosin,  and 
lounted  in  balsam. 

EXPEHIMEXT.\L 


(hick  Anii-Atidrogen  Studies 

The  faet  that  Ko  2-72Rt)  imincted  directly  to  tlie  chick  comb  can  inhil)it 
the  stimulating  action  of  subcutaneously  administered  testosterone  has 


Table  1.  Cmm  k  anti- amuiookn  assay 

Conditions  of  .\ssay;  2-I)ay  old  male  chicks  were  fe(l  .i’-androstene-8, 1 7-diono  in  food  (80 
iii^. /kilo).  Ho  2-7285)  (U)  was  imincted  in  sesame  oil  (0.05  ml. /day)  for  seven  days. 


riteriiil  ailmiiiisti'rcd 

Total  (los»‘,  lUK. 

Xo.  of  chicks 

.Mean  coml)  ratio  +  S.K.** 

0 

0 

24 

1.31  +0.0.54 

R 

0.25 

151 

0.08  +  0.0.53 

0.5 

20 

1  .02  +  0.0.53 

1  .0 

20 

0.05  +  0.002 

2.0 

20 

0.77  +  0.047 

**  Comb  Ratio  = 


mu.  of  cond) 
Kin.  of  body  weinlit 
S.K.  =  Standard  Krror. 


been  previously  described  (R).  Similar  studies  are  now  reported  for  A^- 
androstene-3,17-dione  and  methyltestosterone.  When  0.2”)  to  1.0  m}»:.  of 
l!o  2-72R9  was  imincted  on  the  combs  of  chicks  fed  AMindrostene-R,17- 
(lione,  statistically  significant  reductions  in  coml)  size  were  found.  The 
(lo.se  of  2.0  mg.  produced  a  comb  ratio  of  0.77  +0.047.  Since  a  group  of 
20  chicks  of  the  same  age  and  sex,  receiving  only  the  vehicle,  had  a  comb 
ratio  of  0.43  ±0.010  and  since  the  androgen  fed  chicks  had  a  comb  ratio 
of  1.31  ±0.054,  the  per  cent  inhibition  with  this  higher  dose  was  actuallv 
h2%  (Table  1).  No  significant  differences  were  observed  in  mean  body 
weights  for  any  of  various  groups  of  chicks. 

When  methyltestosterone  admixed  with  the  food  was  the  stimulating 
androgen,  inhibition  of  comb  growth  was  demonstrated  when  2  mg.  of  Ko 
2-7239  was  inuncted  on  the  comb  (Tal)le  2). 

Vorethisterone  (17a-ethynyl-19-nortestosterone)  is  known  to  inhibit  the 
action  of  testo.sterone  on  the  chick’s  comb  (1,  7)  and  the  potency  of  this 
inldbitor  is  of  the  order  of  that  found  for  Ho  2-7239.  Various  combinations 
of  lie  two  agents  were  studied  (Table  3)  in  an  effort  to  intensify  the  inhibi- 
ti(  i.  No  intensification  could  be  demonstrated,  even  when  maximum  doses 
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Table  2.  Chick  axti-axdrogex  assay 


Conditions  of  Assay:  2-Daj’  old  male  chicks  were  fed  methyltestosterone  in  food  (It) 
mg. /kilo).  Uo  2-723!)  (R)  was  imincted  in  sesame  oil  (0.05  ml./daj')  for  7  days. 


Material  administered 

Total  dose,  mg. 

No.  of  chicks  Me 

■an  comb  ratio  ±S.  !•). 

0 

0 

14 

0.55  ±0.027 

U 

0.5 

14 

0.53  +  0.040 

1 .0 

14 

0.49  +  0.028 

2.0 

13 

0.42  +  0.025 

were  inuneted  simultaneously.  At  the  1  mg.  dose  level  Ho  2-7239  alone 
gave  a  eomh  ratio  of  O.cSl  ±().03S,  as  compared  to  1.29  ±0.052  and  1.27 
±0.052  for  the  oil  inuneted  chick  combs.  At  the  same  do.se  level  norethi- 
sterone  gave  a  coinl)  ratio  of  0.82  ±0.032.  The  inunction  of  both  agents  at 
the  same  dose  level  gave  a  comb  ratio  of  0.90  ±0.032. 

R<it  Anti- Androgen  Studies 

Previous  studies  by  Handall  and  Selitto  (2)  established  the  anti-andit  - 
genic  activity  of  Ho  2-7239  in  castrated  rats  stimulated  with  testosteione. 
These  results  are  confirmed  and  extended  in  this  report  (Table  4).  Ho 
2-7239  inhibited  the  action  of  A^-androstene-3,17-dione  on  both  the  seminal 
vesicles  and  prostate  but  the  inhibition  of  this  androgenic  action  on  the 
levator  ani  was  somewhat  variable. 

\\  the  50  mg.  dose  of  Ho  2-7239  minimum  significant  decreases  in 
levator  ani  weight  were  found  in  two  of  the  three  experiments,  but  in- 


Table  3.  Inhibitory  action  of  Uo  2-7239  and  xorethlsteroxe  alone  and  in 

COMBINATION  IN  TESTOSTERONE  STIMULATED  CHICKS 

(7-l)ay  test — all  chicks  received  0.5  mg.  of  testosterone  enanthate  by  subcutaneous  in¬ 
jection  on  the  first  day). 


■23!)  inuneted, 
mg. 

Norethisterone  inuneted, 
mg. 

No.  of  chicks 

Mean  comb  ratio 
±S.E. 

t) 

0 

25 

1  .■29  +  0.052 

0 

0 

23 

1 .27  +  0.052 

0 

0.1 ‘25 

20 

1 .02  +  0.050 

0 

0.-250 

1!) 

1.10  +  0.070 

0 

0.5 

1!) 

0.92  +  0.030 

0 

1 .0 

21 

0.82  +  0.032 

0.032 

0 

18 

1 .07  +  0.054 

0.0))3 

0 

1!) 

0.92  +  0.042 

0.1-25 

0 

1!) 

1.00  +  0.043 

0.250 

0 

20 

0.85  +  0.042 

0.5 

0 

20 

0.84  +  0.035 

1 .0 

0 

18 

0.81  +  0.038 

0.032 

0.125 

19 

0.84  +  0.040 

0.125 

0.125 

19 

0.83  +  0.037 

0.-25 

0.1-25 

20 

0.93  +  0.050 

0.5 

0.1-25 

1!) 

0.94  +  0.050 

1 .0 

0.1-25 

1!) 

0.83  +  0.043 

0.003 

0 . 25 

19 

0.91+0.044 

0.5 

0.5 

18 

0.90  + 0.030 

1.0 

1.0 

1!) 

0.90  +  0.032 

Table  4.  Rat  axti-androgen  assay 

Conditions  of  Assay:  20  to  27  day  old  castrated  rats  were  injected  sul)cutaneously  with 
0.5  ml. /day  for  7  days.  Compounds  were  suspended  in  aqueous  medium. 

T  =  Testosterone 

.\  =  A^-.\iuirostene-H,  17-dione 

R  =  Ro  2-72H!) 


Kxp. 

Xo. 

Material 

administered 

Total 

Xo. 

Me: 

an  tissue  ratio±S.I 

dose, 

mg. 

of 

rats 

Seminal 

vesicle 

Prostate 

Levator  ani 

A 

0 

0 

7 

0.05  ±0.005 

0.07  ±0.007 

0.24±0.031 

A 

8 

0 

0. 50  ±0.049 

0.72  ±0.052 

0.40  ±0.027 

A 

8 

R 

50 

7 

0.:i0±  0.020 

0.42  ±0.020 

0.48  ±0.05:1 

T 

2 

7 

0.94  ±0.058 

0.90  ±0.072 

0.07  ±0.045 

T 

2 

R 

50 

7 

0.08  ±0.05:1 

0.05±0.0;il 

0.57  ±0.020 

B 

0 

0 

10 

0.07  ±0.004 

0.08  ±0.009 

0.23  ±0.012 

A 

8 

10 

0.:17±0.051 

1 .01  ±0.000 

0.40  ±0.000 

A 

8 

R 

50 

10 

0.:i4±  0.027 

0.98  ±0.054 

0.:i9±  0.025 

A 

8 

R 

150 

10 

0.25  ±0.011 

0.07  ±0.002 

0.45  ±0.024 

T 

2 

8 

0.90  ±0.100 

1 . 19±0.001 

0.03  ±0.34 

T 

R 

2 

50 

9 

0.81  ±0.087 

1 .00  ±0.041 

0.59  ±0.037 

T 

2 

R 

15(1 

10 

0.07  ±0.087 

0.9:i±  0.041 

0.57  ±0.034 

C 

0 

0 

8 

0. 11  ±0.004 

0.14±0.015 

0.29  ±0.009 

A 

8 

9 

0.80  ±0.075 

i.2:i±o.iii 

0.50±0.0:iG 

A 

8 

R 

50 

10 

0.50  ±0.040 

1 .21  ±0.108 

0.48±0.025 

A 

R 

8 

150 

10 

0.40±0.0:i7 

0.85  ±0.082 

0.50  ±0.023 

T 

2 

10 

1.11  ±0.080 

1 .40±0.088 

0.74  ±0.043 

T 

2 

R 

50 

10 

0.94  ±0.050 

1 .09  ±0.059 

0.07±0.021 

T 

R 

2 

1 50 

10 

0.8:i±  0.057 

0.90  ±0.005 

0.05±0.028 

1) 

0 

0 

15 

0. 14±0.007 

0. 10±0. 10 

0.21±0.015 

T 

2.4 

15 

1  .90±0. 10 

1  .:15±0.12 

0.55  ±0.005 

T 

2.4 

R 

0.5 

14 

1 .01  ±0.12 

1.40±0.14 

o.57±o.o:ii 

T 

2.4 

R 

1  .0 

15 

1  .:i2±  0.099 

1 . 15±0.070 

0.50±0.0:i4 

T 

2_ 

R 

4.0 

1  1 

1 .15±0.002 

1  .04±0.07:i 

0.49  ±0.027 

T 

2.4 

R 

10.0 

14 

1.44±0.006 

1.20  ±0.050 

0.58±0.0:i2 
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f*roasin{5  the  dosage  to  loO  iiifj.  caused  a  reversal  of  etfeet;  that  is,  the 
weight  of  the  levator  ani  was  the  same  as  when  the  gland  was  only  stimu¬ 
lated  with  the  androgen.  In  I'xperiment  B  the  levator  ani  ratio  was  0.4() 
±  ().()()()  when  A^-androstene-d,17-dione  alone  was  injected.  At  a  do.se  of 
.’)()  mg.  of  Bo  2-7281)  in  addition  to  the  androgen,  the  ratio  decreased  to 
0.81)  ±0.02.')  and  increased  again  to  0.45  ±0.024  when  1.^0  mg.  of  the  phen- 
anthrene  derivative  was  employed. 

l‘>xperiment  1)  is  uni(jue  since  it  tends  to  illustrate  the  fact  that  there 
is  an  optimum  dose  for  anti-androgenic  activity  of  Ho  2-7281).  In  thi> 
experiment  do.ses  of  Ho  2-7281)  from  0.5  mg.  to  4.0  mg.  showed  a  progres¬ 
sively  greater  anti-androgenic  effect  on  all  three  indicators.  When  the 


Tabi.k  ~t.  Hat  anti-androgkx  assay 

('onditions  of  Assay:  'Jti-Day  old  albino  rats  were  injected  snbeutaneously  with  testo- 
stenine  (T)  in  ((..i  ml.  /(l.ay  for  7  <lays  and  Ho  2-72aH  ( H)  was  fjavaned  in  ()..y  ml.  /day  for  7  ilays. 


.M:it(‘iial 

Total 

\t>  of 

.Moi 

nil  tissue  rati()±S.K. 

1 

in*i. 

rats 

Seminal 

ve.sieh* 

Prostate 

Levator  ani 

0 

0 

8 

0.  10±0.007 

0.  Hi ±0.000 

0.21  ±0.013 

T 

2 .  1 

0 

1  .03  ±0.075 

1 .24  ±0.082 

0.40±0.017 

T 

2.4 

H 

101) 

10 

0.07  ±0.087 

0.08  ±0.002 

0.43±0.017 

do.se  was  increased  to  10  mg.  the  inhihitory  effect  on  the  levator  ani  and 
prostate  was  no  longer  observed  and  the  anti-androgenic  action  on  the 
seminal  vesicles  was  significantly  le.ssened.  Xo  significant  differences  could 
be  detected  in  the  final  body  weights  of  the  castrated  rats  treated  with 
testosterone,  A‘-androstene-8,17-dione,  or  these  androgens  plus  the  inhil>- 
itor  Ho  2-7281). 

The  anti-androgenic  activity  of  Ho  2-7281)  was  a.s.sessed  by  gavage  in  a 
single  exi)eriment.  The  compound,  at  least  in  this  preliminary  study, 
showed  a  lower  activity  by  the  oral  route  since  at  a  total  do.se  of  100  mg. 
significant  anti-androgenic  activity  was  found  only  for  the  stimulaii'd 
prostate  gland  (Table  5). 

Androgen  Assag  in  ('hicks 

The  phenanthrene  derivative  produced  an  increa.'^e  in  the  weight  of  ihc 
chick’s  comb  by  direct  inunction  and  by  subcutaneous  injection  in  (  nc 
experiment.  A  preliminary  report  of  the  androgenicity  of  Ho  2-7280  iv 
direct  comb  inunction  has  been  published  (8).  In  Table  0  additional  exp  ri- 
ments  are  pre.^ented  to  pro’’.?  tl'is  point.  In  Kxperiments  1*^  througl  .1 
(Table  0)  the  vehicle  was  etfianol  with  the  exception  of  one  experina  it, 
I,  where  se.same  oil  was  employed.  Statistically  .significant  increa.se-  in 
comb  ratio  were  found  in  each  experiment  and  no  .significant  cfianges  w  re 
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Tablk  ().  C'hH’K  comb  axdrocex  assay  by  IXCXCTIOX 


('onditioiis  of  Assay:  Testosterone  (T)  and  Ro  2-7239  (11)  inuneted  onee  daily  for  7  days 
j  0.05  ml.  of  vehiele.  Male  clucks  1  to  2  days  of  ag<‘  on  first  day  of  ex|)criment. 


Exp.  Xo.  Vehicle 

Material  ad¬ 
ministered 

Total  dose, 

Xo.  of 
chicks 

Mean  comb  ratio 
±S.E. 

K  Ethanol 

0 

0 

21 

0.43±0.015 

T 

1 

19 

0. 0.5 +  0.023 

4 

19 

0.71+0.030 

10 

19 

0.9l±0.044 

R 

1 

20 

()., 54 +  0.021 

10 

19 

0.52  +  0.019 

100 

17 

0.0.5 +  0.034 

1000 

20 

0.83  ±0.022 

P'  Ethanol 

0 

0 

20 

0.32±0.010 

T 

1 

20 

0.39  +  0.015 

4 

20 

().. 50 +  0.019 

10 

19 

0.70  +  0.033 

U 

1 

20 

0.34  +  0.019 

10 

20  ' 

0.33  +  0.009 

100 

20 

0.40  +  0.022 

1000 

19 

0.44±0.021 

(I  Pithanol 

0 

0 

15 

0.33±0.018 

T 

1 

14 

0.43  +  0.019 

4 

15 

0.47  +  0.027 

10 

12 

0.08  ±0.047 

R 

10 

12 

0.42  +  0.018 

100 

12 

0.47  +  0.024 

.500 

13 

0.00  ±0.030 

H  Ethanol 

0 

0 

18 

0.39  ±0.021 

T 

3 

14 

0.48  +  0.028 

9 

13 

0.59  +  0.038 

27 

13 

0.97  ±0.052 

R 

1 

14 

0.43  +  0.024 

50 

13 

0.50  +  0.029 

1000 

12 

0.50  ±0.034 

I  Sesame  Oil 

0 

0 

31 

0.37±0.013 

T 

3 

30 

0.49  +  0.020 

9 

30 

0.51  +0.018 

27 

27 

0.03  ±0.034 

R 

1 

29 

0.35  +  0.013 

.50 

29 

0.38  +  0.01  1 

2.50 

30 

0.40  +  0.015 

1000 

30 

0.40±0.015 

J  Ethanol 

0 

0 

13 

0.20±0.011 

T 

1 

10 

0.33  +  0.014 

3 

8 

0.37  +  0.029 

9 

10 

0.09  +  0.040 

27 

9 

0.80  ±0.070 

R 

250 

9 

0.40  +  0.028 

500 

10 

0.44  +  0.025 

1000 

10 

0.40  +  0.028 

2000 

10 

0.57  +  0.032 

400 
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ol)serve(l  in  body  weights  of  the  chicks.  At  10  /xg.  two  of  three  trials  were 
positive,  at  50  mK-  one  of  two  trials  was  positive,  but  at  100  /xg-  three  oi 
three  trials  resulted  in  statistically  significant  comb  increments.  Every 
trial  was  positive  when  100  )ng-  or  more  of  Ho  2-7289  was  inuncted.  B.\ 
comparison,  about  one  microgram  of  testosterone  usually  produces  a  sig¬ 
nificant  increment. 

Although  100  /xg.  of  Ho  2-7289  or  more  produced  a  significant  minimum 
comb  stimulation,  increasing  the  dosage  by  a  factor  of  10  did  not  consist- 


Tabi.e  7.  Chick  amirocex  assay  by  si  bcutaxeocs  ixjectiox 


Testosterone  (T)  ami  Ho  2-7281)  (R)  were  injeeteil  sulieutaneously  onee  daily  in  0.1  ml. 
aijiieous  suspension  for  7  days. 


Exp.  No. 

No.  of 

Material 

Total  (lose, 

N().  of 

Mean  eomh  rati( 

(lays 

injeetc'd 

niK. 

chicks 

±S.E. 

K 

14 

0 

0 

22 

0.57  ±0.041 

H 

1 

1!) 

0.71  ±0.000 

8 

It) 

0.1)1  ±0.072 

L 

7 

0 

0 

12 

0.28±0.012 

T 

0.04 

11 

0.88±0.010 

0.08 

11 

0.44±0.01!t 

0.10 

10 

0.40  ±0.020 

H 

0.1 

11 

0.27  ±0.007 

0..5 

1) 

0.28±0.018 

2.5 

11 

0.81±0.017 

•M 

7 

0 

0 

12 

0.88±0.010 

T 

0.005 

0.015 

0.045 

0.185 

10 

10 

10 

10 

0.87  ±0.024 
0.41±0.081 
0.44  ±0.028 
0.57  ±0.0811 

R 

0.005 

10 

0.81  ±0.015 

0.080 

10 

0.80  ±0.010 

0.180 

10 

0.80±0.01S 

1  .0 

10 

0.84±0.0IS 

0.0 

10 

0.84  ±0.021 

entl.v  produce  a  significantly  greater  comb  response.  This  is  in  contr:t  t 
to  observations  with  most  .steroidal  androgens.  At  the  500  to  1000  ju, . 
dose  levels  increases  in  comb  ratio  of  27%  to  <S2%  were  found. 

The  data  in  Table  7,  Experiment  K,  indicate  that  Ho  2-7289  is  an  acti'.'* 
androgen  when  administered  by  injection.  This  experiment  was  done  in  ;>  i 
attempt  to  inhibit  the  endogenous  androgens  produced  by  chick’s  adrenn  ' 
and  or  gonads.  Since  it  is  known  that  the  comb  increases  faster  than  t)  • 
body  weight  between  the  7th  and  14th  day,  it  was  expected  that  admi  - 
istration  of  Ho  2-7289  would  re.sult  in  a  lowered  coml)  size  in  the  treati  ! 
groups  but  this  was  not  the  ca.se;  on  the  contrary’,  a  stimulation  of  tl  ■ 
comb  was  actually  found.  A  total  dose  of  one  milligram  produced  a  sm;  I 
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at  significant  increase  in  coml)  ratio  from  ().o7  ±0.041  to  0.71  ±0.002.  At 
it  total  dose  level  of  .4  mg.  an  increase  in  coml)  ratio  of  03%  was  found. 

In  two  7-day  experiments  (L  and  M)  it  was  not  possible  to  demonstrate 
.  significant  increase  in  comb  weight  even  when  a  total  do.se  of  0  mg.  of 
Id  2-7230  was  used. 

rhe  hi.stological  sections  of  control,  testosterone  and  Ho  2-7230  treated 
(  lick  combs  were  evaluated  as  unknowns.  It  was  possible  to  distinguish 
1  tween  combs  of  vehicle  control  and  treated  animals,  but  not  po.ssible  to 
('  stinguish  between  the  combs  of  testosterone  and  Ho  2-7230  treated 
(  licks.  Both  compounds  caused  an  increase  in  the  width  of  the  connective 
li'Siie  layer  of  the  comb.  The  increase  in  width  occurred  peripherally  under 
liic  epithelium  and  along  the  base  of  the  comb.  The  dense,  clo.sely  packed 
connective  ti.s.sue  in  the  vehicle  control  comb  was  replaced  with  ditfu.‘<e 
connective  tis.sue,  few  collagen  fibers,  and  many  vacuoles.  In  addition, 
tli(‘  developing  .serrated  dorsal  aspect  of  the  stimulated  comb  was  evident 
U'  compared  to  the  flat  dor.sal  .surface  of  control  combs. 

Androgenic  Assny  in  Cnstrated  Rats 

Subcutaneous  injection  of  Ho  2-7239  to  the  castrated  rat  produced  weight 
increases  in  the  .seminal  vesicles,  prostate,  and  levator  ani  muscle  without 
.significant  changes  in  body  weight  (Table  S).  At  the  100  mg.  dose  level 
increases  in  levator  ani  ratios  of  90%,  ')()%  and  83%  wer  found  for  h'.xperi- 
incnts  X,  O  and  P,  respectively,  and  even  greater  percentage  weight  in¬ 
creases  for  the  prostate.  In  Experiments  O  and  P  .significant  increases  were 
found  for  the  .seminal  vesicles,  but  not  for  Experiment  X. 

rhe  .structure  of  the  normal  rat  prostate  and  the  effects  of  testosterone 
on  rat  prostates  have  been  described  by  Moore  (4).  It  was  po.ssible  to 
distinguish  clearly  between  the  prostate  glands  of  vehicle  control  rats  and 
those  treated  with  either  te.sto.sterone  or  Ho  2-7239  and  further  possible 
to  di.stinguish  histologically  between  these  glands  from  testosterone  and 
Ho  2-7239  treated  rats.  The  Ho  2-7239  treated  rats  had  prostates  which 
pu'sented  a  histological  picture  somewhere  between  that  of  the  vehicle 
control  and  testosterone  animals.  In  the  stimulated  glands  the  epithelial 
cells  lining  the  acini  tended  to  be  more  columnar,  had  darker  .staining 
nuclei  and  the  cytoplasm  above  the  nucleus  had  clear  globular  areas  as 
opposed  to  the  glands  from  vehicle  control  rats.  There  was  some  increase 
in  folding  of  the  alveoli  in  glands  from  Ho  2-7239  treated  rats  but  not  as 
extensive  as  appeared  under  testosterone  treatment. 

Moore  (5)  described  the  normal  .structure  of  rat  seminal  vesicles  and 
the  stimulating  effects  of  testosterone.  As  in  the  prostate,  it  was  po.ssible 
t('  distinguish  hi.stologically  the  glands  of  testosterone  and  Ho  2-7239 
tn  ated  animals  from  those  of  vehicle  control  rats  and  to  distingui.sh  be- 
t\  (*en  glands  stimulated  with  testo.sterone  and  Ho  2-7239  treated.  The 
.‘if  ninal  vesicles  from  rats  treated  with  the  latter  compound  were  inter- 
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mediate  and  tlieir  hi;<tological  pattern  between  vehicle  control  and  testo 
sterone  stimulated  glands  in  that  the  epithelial  cells  were  more  columnai 
(as  with  testosterone  treatment)  but  the  lumen  of  the  folded  tubule  tende( 
to  be  the  same  diameter  as  the  vehicle  control  glands  and  not  greatlx 
increased  in  diameter  as  with  testosterone  stimulation.  Testosterone  treat 
ment  resulted  in  a  decrease  in  the  connective  tissue  stroma  around  tin 
lumen,  whereas  the  amount  of  connective  tissue  stroma  in  Ko  2-723'.i 


Table  8.  ('astrate  rat  androoex  assay  ok  Ro  2-72:{9  (R)  <  ()MI*arei>  to  testo¬ 
sterone  (T)  BY  Sl'Bri  TANEors  INJECTION 

Conditions  of  Assay:  Rats  castrated  at  2()-28  days  of  age  and  injected  siil)eiitaneo  isl\ 
once  daily  with  0.5  ml.  of  a  .iuemis  suspension  of  compounds  for  10  days. 


Material 

Total 

Final 

•Mean 

1  ti 

iSsue  ratio  + 

S.l- 

admin¬ 

istered 

dose, 

mg. 

rats 

1)0(1  y 
wt.,  gm. 

S(‘mini 

vesich 

il 

Prostate 

L< 

evator 

aiii 

0 

0 

It) 

121 

0. 

09±0. 

OOti 

0. 

10±t). 

008 

0. 

21  ±0. 

018 

T 

0 . 25 

It) 

187 

0. 

14  +  0. 

oil 

0. 

81+0. 

021 

0. 

27  +  0 . 

01.5 

1 

It) 

140 

0. 

0810. 

091) 

0. 

79  ±  0 . 

057 

0. 

51  ±0. 

08S 

R 

1 

It) 

i:io 

0. 

08  +  0. 

005 

0. 

10  +  0. 

008 

0. 

80  +  0. 

01  1 

It) 

It) 

i:ii 

0. 

08  +  0. 

008 

0. 

08  +  0. 

t)t)8 

0. 

20  +  0. 

02(1 

lot) 

It) 

i:it) 

0. 

11  ±0. 

008 

0. 

27±0. 

1)20 

0. 

40  ±  0 . 

1)21 

0 

0 

17 

118 

0 

t)7±t). 

002 

0. 

10±0 

,005 

0. 

25  ±0 

.009 

T 

0.5 

17 

121 

0 

,  .50  +  0 

,0.58 

0 

00  +  0 

,047 

0. 

.50  +  0 

.021 

1 

15 

120 

0 

.  5:1  +  0 

.080 

0 

,70  +  0 

,088 

0. 

51+0 

.020 

2 

15 

124 

0 

.ti4±0 

.075 

0 

.  72  ±  0 

.0.50 

0. 

51  ±0 

.020 

R 

1 

15 

12:1 

0 

.08  +  6 

.004 

0 

.  10  +  0 

.000 

0 

,25  +  0 

.007 

It) 

Hi 

1 17 

0 

.09  +  0 

.005 

t) 

.11+0 

.000 

0 

,80  +  0 

.009 

.50 

15 

11:1 

0 

.11+0 

.007 

0 

.  18  +  0 

.020 

0 

,85  +  0 

.01.5 

100 

Hi 

ii:i 

0 

.  18  ±0 

.009 

0 

.28±0 

.020 

0 

,89±0 

.020 

0 

0 

5 

oa 

0 

.t)7±t) 

.005 

t) 

.  18  ±0 

.018 

0 

,  28  ±  0 

.017 

T 

2.4 

0 

00 

1 

.  lt)±0 

.079 

1 

.81+0 

.088 

0 

.09±0 

.058 

R 

20 

8 

9:5 

0 

.08  +  0 

.000 

0 

.  14  +  0 

.018 

0 

.25  +  0 

.001) 

100 

ti 

92 

0 

.  12  ±0 

.000 

0 

.88±0 

.027 

0 

.42±t) 

.027 

stimulated  seminal  vesicles  appeared  to  be  identical  with  that  in  the  con¬ 
trol  ti.ssue. 

lli.stological  studies  of  the  levator  ani  revealed  a  distinct  difference  in 
the  skeletal  muscle  of  stimulated  animals  both  with  testosterone  and  .’o 
2-7289.  It  was  not  possible  to  distinguish  between  testo.sterone  and  'to 
2-7289  stimulated  levator  ani  muscles.  The  .striated  muscle  fibers  of  '  ic 
.stimulated  animals  were  enlarged  and  appeared  as  di.stinct  undulat  ig 
lines.  They  also  tended  to  be  less  clo.sely  packed  together  than  the  stria  d 
muscle  fibers  of  the  control  levator  ani. 

When  Ko  2-7289  was  admini.stered  by  gavage  minimal  .stimulation  ^  is 
observed  (Table  9).  At  the  total  do.se  levels  of  8  and  9  mg.  the  phenanthit  le 
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Table  9.  Androgen  and  anabolic  assay 


CoiuIitioDs  of  Assay;  White  alhiiio  rats  28-iIay  old  males  (Charles  River).  Castrated  and 
.•ated  hy  gavane  (0.5  ml. /day)  for  10  days. 


Material 

idministered 

Total 
dose,  mg. 

Xo.  of 
animals 

Mean 
l)ody 
wt..  gm. 

Seminal 
vesicle, 
mean  ratio 

±S.E. 

Prostate, 
mean  ratio 
+  S.E. 

Levator  ani, 
mean  ratio 
+  S.E. 

0 

0 

!) 

1 10 

0.08  +  0.005 

0.11+0.007 

0.22  +  0.01 1 

Ilalotestin 

0.  15 

8 

100 

0.11+0.012 

0.12  +  0.012 

0.22  +  0.013 

0 . 0 

•1 

104 

0. 17  +  0.014 

0.23  +  0.020 

0.25  +  0.015 

2.4 

10 

108 

0.32  +  0.040 

0.35  +  0.025 

0.33  +  0.020 

Ro  2-7230 

1  .0 

10 

1 1 1 

O.OO  +  O.OOi) 

0.14  +  0.028 

0.18  +  0.013 

3.0 

10 

1 1 1 

0.14  +  0.014 

0.18  +  0.025 

0.24  +  0.021 

!).() 

0 

108 

0.14  +  0.013 

0.10  +  0.014 

0.20  +  0.012 

27.0 

!) 

101 

0.  10  +  0.005 

0.  13  +  0.013 

0.10  +  0.010 

81  .0 

0 

108 

0. 10  +  0.000 

0. 14  +  0.014 

0.21+0.012 

(K'livative  produced  statistically  significant  increments  in  the  levator  ani 
muscle  of  25%  and  42%,  respectively.  Increasing  the  do.sage  to  27  and  SI 
mg.,  respectively,  abolished  the  stimulation.  Similar  results  were  observed 
for  the  .seminal  vesicles  and  prostate.  Do.ses  of  and  9  mg.  gave  .small 
hut  statistically  significant  (P<().01)  increa.ses  in  .seminal  vesicle  ratios, 
hut  the  higher. doses  of  27  and  SI  mg.  <lid  not  stimulate  the  tissue.  The 
prostate  was  somewhat  increa.sed  at  the  d  mg.  dose  but  not  at  9,  27  or 
Si  mg.  total  do.se. 

Admini.stration  by  .subcutaneous  injection  of  Ho  2-7239  to  the  male 
castrate  in  parabiosis  with  an  intact  female  (Table  10)  confirmed  the 
stimulation  of  the  accessory  organs  bv  this  compound,  but  more  striking 
was  the  inhibition  of  the  pituitary  gonadotropin.  This  pituitary  inhibition 
can  be  evaluated  by  the  weight  of  the  ovary.  Ho  2-7239  produced  a  mean 
ovary  weight  of  17  ±2  mg.  as  compared  to  the  vehicle  control  group  of 
130  +  17  mg.  Ho  2-7239  had  a  uni(iue  effect  in  preventing  ovarian  enlarge- 

Table  10.  The  assay  of  testgstergne  (T)  and  Ro  2-7230  (R)  by  a  parabiosis 

METHOD  BY  ST B<T  TA NEOUS  INJECTION 


('oiiditions  of  .\ssa.v:  Twenty-foiir-da.v-old  castrated  males  and  intact  females  were  joined 
in  parabiosis,  and  the  male  rat  injected  subcutaneouslv  once  dail.v  for  10  days  with  0.5  ml. 
aipieous  suspension  of  T  and  R. 


Material 

idmin- 

wtered 

Total 
dose,  mg. 

Xo.  of 
pairs 

Tissue  weigh! 

t,  mg. +  S.E. 

Intact 

female 

ovary 

Castrated  male 

Seminal 

vesicle 

Prostate 

Levator  ani 

0 

0 

0 

130+  17 

4.4+  0.37 

(■>.0+  0.!)2 

12+  1  .0 

T 

0.4 

4 

73  +  24 

22  +3.4 

33  +  8.0 

18+5.0 

0.8 

0 

20+  10 

03  +  18 

70  +10 

41  +  7.5 

R 

100 

5 

17+  2 

12  +  3 

24  +  5 

25  +  4 

L 
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ment  as  compared  to  the  modest  aiidrogenicity  displayed  on  the  accessory 
organs.  This  can  he  judged  in  comparison  to  tlie  action  of  testosterone 
studied  simultaneously.  The  magnitude  of  ovarian  inhibition  by  testo¬ 
sterone  at  the  0.8  mg.  dose  level  was  of  about  the  same  order  as  found  foi 
100  mg.  of  Ho  2-7289  l)ut  testosterone  produced  seminal  vesicles  and 
prostates  8  and  8  times,  respectively,  larger  than  the  .synthetic  androgen 
When  Ho  2-7289  was  administered  by  gavage  at  a  total  do.se  of  20(i 
mg.  over  a  ten  day  period  to  the  castrated  partner  in  parabiosis  with  an 
intact  male,  intense  pituitary  gonadotropin  decrease  was  observed  (Table 


Tabi.k  11.  The  assay  «)K  metiiyi.testosteroxe  (M)  and  Ho  (R)  by  a  i*ara- 

BIOSIS  METHOD  BY  se Bei  TA X Eol  S  IXJEeXlOX 


C'«)ii(litioiis  of  Assay:  Twoiity-ciuht-day  old  caslratod  males  and  intact  females  were  joineci 
in  parabiosis  and  the  male  treated  by  Ravage  o!ice  ilaily  for  10  days  with  0.5  ml.  acpieous  sus¬ 
pension  of  test  compound. 


Tissue  weight 

,  mg. +  S.K. 

Material 

administered 

Total 

dose, 

mg. 

No.  of 
pair;? 

lnta<d 

female 

ovary 

C 

Seminal 

vesicle 

ast rated  male 

Prostate 

Levator  ani 

0 

0 

() 

104  +  25 

(i. ()  +  ().:{ 

11.8+1  .0 

15.4+  1 . 1 

.M 

4 

o 

01  +  15 

10.2+  1  . 1 

28.4+1 .0 

22.5  +  2.0 

8 

5 

48+  18 

21  .7  +  8.1 

40 .8  +  0.7 

18.2  +  2.0 

H 

20t) 

5 

.{4+15 

0. 0  +  0.0 

14.0  +  8.7 

10.0  +  8.0 

11).  The  ovaries  of  the  female  parabiont  weighed  84  +  15  mg.  as  compared 
to  the  control  ovaries  of  104  +25  mg.  Two  hundred  mg.  of  Ho  2-7289  did 
not  cause  a  significant  weight  increase  in  the  seminal  ve.sicles,  prostalc 
or  levator  ani  mu.scle. 

Ro  2-7289  was  studied  both  as  a  po.ssible  estrogen  and  as  an  anti¬ 
estrogenic  .substance.  The  phenanthrene  derivative  produced  no  signili- 
cant  increases  in  uterine  weight  when  injected  into  groups  of  9  to  10  mice 
at  the  following  dose  levels;  1,  10,  100,  200,  400  and  800  jug.  By  the  methotl 
employed  (0),  which  involved  immature  Swiss  albino  mice,  100%  incre¬ 
ments  in  uterine  weight  were  recorded  with  as  little  as  0.05  mK-  of  estroiK*. 
In  a  .second  estrogen  a.s.say  where  the  same  method  was  employed  excent 
that  the  test  compounds  were  administered  by  gavage,  Ho  2-7289  w  s 
again  inactive  at  doses  up  to  100  mS-.<  while  estrone  was  inactive  at  0.4  ^j  '. 

Ho  2-7289  was  te.sted  as  an  anti-estrogen  in  the  immature  female  mou-  *. 
The  mice  were  stimulated  with  0.4  mK-  of  estrone  administered  subcut  i- 
neously  and  the  te.'^t  compound  injected  in  one  set  of  experiments  and  admn- 
istered  by  gavage  in  another.  In  both  tests  do.ses  of  Ho  2-7289  rangi  g 
from  ore  mK-  to  4  mg.  were  inactive. 
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DISCUSSION 

Tliis  phenanthrene  derivative,  Ko  2-7289,  is  uniiiiie  in  that  it  is  tlie 
ist  nonsteroid  found  to  possess  androgenic  activity  on  the  basis  of  the 
.  lassical  criteria.  It  increases  tlie  weight  of  tlie  cliick’s  comb,  simulates 
,  le  liistology  seen  after  testosterone  stimulation  in  the  comb,  stimulates 
t  le  weights  of  the  prostate,  seminal  vesicles  and  levator  ani  muscle,  and 
]  odiices  histological  changes  in  these  tissues  comparable  to  those  pro- 
(  need  by  testosterone. 

The  fact  that  the  compound  can  function  as  an  androgen  as  well  as 
j;:i  anti-androgen  is  analogous  to  the  phy.siological  action  of  certain  estro- 
g  IIS  such  as  estriol.  Both  compounds  produce  relatively  minimum  re¬ 
sponses  over  an  extended  dose  range.  Kstriol,  when  admini.stered  together 
with  estrone  or  estradiol-17|3,  produces  uterine  hypertrophy  and  vaginal 
stimulation  lower  than  that  found  for  the  same  doses  of  estrone  and  estra- 
(l!ol-17)3  administered  alone. 

riie  relative  androgenic  activity  of  Ko  2-7239  compareil  to  testosterone 
is  difficult  to  asse.ss  .since  no  log  dose-response  relation  is  indicated  for 
the  former  compound.  This  .synthetic  androgen  is  assigned  an  activity  of 
1  100th  of  testosterone  on  the  chick  comb  by  inunction  on  the  basis  of 
the  minimum  dose  neces.sary  to  produce  a  statistically  significant  response. 
On  the  basis  of  the  castrate  rat  .studies  where  the  compound  was  injected 
subcutaneously,  a  rough  estimate  of  potency  indicates  a  value  of  1 /400th 
of  testosterone.  There  is  a  tendency  of  Ko  2-7239  to  have  a  relatively 
greater  activity  on  the  levator  ani  than  on  the  seminal  vesicle  and  pro.s- 
tate  glands. 

'Fhe  fact  that  androgenic  activity  was  demonstrated  by  direct  inunc¬ 
tion  on  the  comb  argues  for  an  action  of  the  compound  per  sc,  or  a  closely 
related  derivative,  rather  than  the  compound  acting  on  another  gland  to 
produce  the  effective  androgen.  In  the  castrated  rat  where  Ko  2-7239  was 
injected  subcutaneously,  the  po.ssibility  that  the  adrenal  was  “stimulated” 
to  produce  the  androgen  reriuires  inve.stigation.  In  the  case  of  amphenone, 
for  example,  it  is  now  known  that  the  progestational  activity  originally 
attributed  to  the  compound  was  due  to  its  action  on  the  adrenal  (S). 
Stimulation  of  the  seminal  vesicles,  prostate  and  levator  ani  of  the  adrenal- 
eel  omized-cast  rated  rat  by  Ko  2-7239  could  clarify  this  point. 

riie  pituitary  gonadotropin  inhibitory  activity  of  Ko  2-7239  may  be  as 
much  as  ten  times  as  intense  as  its  androgenic  activity  on  the  seminal 
Vesicles  and  pro.state.  This  anti-pituitary  activity  cannot  be  explained  on 
tlic  basis  of  estrogenic  activity  since  the  latter  type  of  biological  activity 
ceiild  not  be  demon.strated  in  the  immature  female  mouse.  Further  studies 
an  reipiired  in  this  area,  particularly  to  ascertain  whether  other  pituitary 
ti  ipic  hormones  are  affected. 

riie  activity  of  Ko  2-7239  by  the  oral  route  is  reduced  as  compared  to 
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the  activity  by  .subcutaneous  admini.stration.  More  detailed  .studies  an 
re(iuired  to  establish  the  relative  activities  by  the  two  routes.  Knowledg( 
of  the  metabolism  of  Ko  2-7289  when  administered  by  subcutaneous  in¬ 
jection  and  by  gavage  and  the  biological  activities  of  the  metabolites  ma; 
help  to  elucidate  this  problem. 

Acknouiedgment 

We  are  hai)py  to  aeknowledne  the  able  assi.^itanee  of  Theresa  Rutkiewiez,  .Vnna 
Rloeh,  Bert  HlonKiuist,  Alfonso  Estefan,  D.D.S.,  Vladimir  llieh,  V.^El).,  Carolyn 
Kenmnly,  ^larilyn  Pontbriand.  tlerald  Porter  and  Albert  Tomolonis. 

REFERENCES 

1.  Dorfmax,  R.  I.:  Science.  In  Press. 

2.  Randall.  L.  O.  and  J.  .1.  Sklitto:  Endocrinology  62:  693.  19.58. 

3.  Dorfmax,  R.  I.:  Endocrinology  64:  464.  19.59. 

4.  Moork,  ('.  A.,  1).  Prick  and  T.  F.  (Jallaghkr:  .\m.  J.  .\nntomy  45:  71.  1930. 

.5.  Moork,  C.  W.  Hughks  and  T.  F.  (Iallaghkr:  .Im.  J.  .\natomy  45:  109.  1930. 

6.  Runix,  B.  L..  .V.  S.  Dorfmax,  L.  Black  and  R.  I.  Dorfmax:  Endocrinology  49: 
429.  1951. 

7.  Dorfmax,  R.  I.  and  .\.  S.  Dorfmax:  .\ctn  Endocrinol.  33:  308.  1960. 

8.  Tullxkr,  W.  W.  :  Eroc.  Soc.  Exptl.  liiol.  Med.  98:  157.  1958. 


AND  PROPIONIC  ACID  ANALOGUES  OF 
THYRONINE  AND  TRIIODOTHYRONINE' 

L.  KOHSGAAHI)  CHH ISTFNSEN^ 


D( parfnu  nt  of  Medicine,  Harvard  Medical  School,  and  the  Thyroid  Laboratory  of 
the  Medical  Service.‘i  of  the  M a.‘<,sachn,sett.<i  General  Hoiipital,  lio.<iton,  Ma.ssachnsettff 

AHSTHACT 

'I'lu*  t)iii(rui^  of  act'tic  and  |)r()|)ionic  aci<l  analofiues  of  thyroxiin*  and  triiodo- 
thyroninc  to  serum  proteins  lias  lu'en  investi^nted  by  means  of  a  dialysis  iiro- 
eediire.  Relative  to  thyroxine,  only  small  (juantities  of  its  analoj^ues  were  found 
to  he  in  the  free,  non-iirotein-hound  form.  The  same  was  true  of  the  triiodo¬ 
thyronine  analogues  as  eompared  with  tin*  unmodified  eomiiound.  Addition  of 
the  analogues  to  serum  eontaininn  laheh'd  thyroxine  did  not  eause  an  inereasi* 
in  free  radiothyroxine  indieating  that  the  analogues  are  hound  to  otluT  sites 
than  is  thyroxine. 

In  keejiiiifi  with  these  results  it  was  found  that  the  ujitake  of  the  labeled 
analogues  by  erythroeytes  was  far  lower  than  that  of  the  eorres])()ndinK  iodo- 
thyronines. 

SINCl*^  the  demonstration  hy  Pitt-Rivers  (1)  of  tlie  pliysiolo}i;ieal  activ¬ 
ity  of  tetraiodothyroacetic  acid  (Tetrac)  and  of  triiodothyroacetic 
acid  (Triac),  the  po.ssihility  has  been  considered  that  these  deaminated 
analogues  are  the  metal)olicalIy  active  sul)stances.  This  view  was  .supported 
by  the  observation  of  Thil)ault  and  l^itt-Hivers  (2)  that  these  analogues 
had  an  immediate  effect  on  the  oxygen  consumption  of  kidney  .slices,  and 
also  liy  the  findings  of  Roche  et  al.  (d)  that  Triac  could  be  recovered 
from  rat  kidneys  following  injection  of  triiodothyronine  (TR).  The  results 
of  Thibault  and  Pitt-Rivers  (2)  have,  however,  not  been  confirmed  (4,  o). 
Furthermore,  since  Triac  and  Tetrac  are  active  only  in  rather  large  doses, 
the  hypothesis  that  the  thyroid  hormones  are  active  only  after  deamina¬ 
tion  has  been  abandoned. 

'I'he  fact  remains  that  these  analogues  are  therapeutically  active  ((>,  7,  S). 
In  recent  years  a  number  of  thorough  studies  of  the  biological  activities  of 
a  huge  number  of  substances  related  to  the  thyroid  hormones  have  been 
carried  out  (9,  10,  11).  For  many  of  the.se  substances,  the  biological  activ¬ 
ity  was  found  to  be  largely  dependent  upon  the  criterion  employed,  a 
phenomenon  that  has  not  yet  had  a  .satisfactory  explanation.  I’or  example, 
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Triac  (0,  12)  and  triiodothyropropionic  acid  (18)  have  proved  to  posse.- > 
a  marked  ability  to  lower  the  plasma  chole.xterol  level  in  do.ses  causing 
only  a  slight  increa.se  in  oxygen  con.sumption.  It  is  well  known  that  sever;  1 
of  the  phenomena  connected  with  the  biological  activity  of  thyroxine 
(T4)  and  T8  can  be  explained  in  terms  of  binding  of  these  substances  to 
.serum  proteins.  This  might  also  be  true  of  the  acetic  and  propionic  acid 
analogues  of  the  two  hormones.  Accordingly,  the  binding  of  these  sub¬ 
stances  in  the  .serum  has  been  investigated. 

EXPERIMENTAL 

AnaU/ticnl  Metlioils 

Tlio  dialysis  prooodviro  omployod  has  olsowhcn'  hc'cii  di'scrihod  (14).  Hrit'fly  the  dc- 
tormiiiatioii  is  carried  out  the  following  way. 

A  plexifilas  vessel  consisting  of  two  separate,  identical  parts  is  assembled  with  a 
cellophane  membrane  between  the  two  halves.  In  one  of  the  chambers  thus  formed  is 
placed  10  ml.  of  serum,  to  which  radiothyroxine  is  added  (chamber  A).  In  the  other 
chamber  (chamb(‘r  B)  is  placed  10  ml.  of  serum.  The  assembly  is  incubated  in  a  constant- 
temperatun'  bath  (37. .5°  C)  with  adequate  stirring  of  the  solution  containing  the  radio- 
thyroxine. 

The  free  I'’'-T4  will  pass  through  the  membrane  at  a  rate  proijortional  to  its  con¬ 
centration.  During  the  first  24  hours  two  samples  of  4  ml.  are  withdrawn  from  chaml)cr 
B.  At  tlie  same  time  an  etjual  volume  is  removed  from  chamber  A. 

Since  the  I'’'-T4  emi)loyed  contains  some  inorganic  P^‘,  the  samples  are  precipitated 
by  trichloracetic  acid  and  washed  carefully,  after  winch  the  content  of  I'^'-T4  is  de¬ 
termined  in  a  well-type  scintillation  counter.  The  result  is  expressed  as  per  cent  of  the 
total  l'^'-T4  in  chamber  \. 

'I'he  uptake  by  erythrocytes  of  the  l'’‘-lal)eled  compounds  was  studied  in  the  follow¬ 
ing  manner.  One  ml.  of  serum  was  diluted  with  1  ml.  phosphate  buffer,  0..5  M,  i)H  7.4. 
and  with  0.9  per  cent  XaCl  to  make  10  ml.  The  radioactive  hormone  was  diluted  with 
physiological  saline  so  that  100  #xl.  solution  contained  0.01  /ig.  This  quantity  was  added 
to  2  ml.  of  the  diluted  serum,  and  the  mixture  was  incubated  at  37°  C  for  fifteen  minutes. 
Then  2  ml.  of  a  suspension  of  erythrocytes  that  had  been  washed  five  times  with  |)h\  'io- 
logical  saline  was  added  and  the  mixture  was  incubated  at  37°  C  for  ninety  minutes. 
It  was  shaken  every  fifteen  minutes.  Afterward,  the  erythrocytes  were  washed  five  or 
six  times  with  physiological  saline,  and  their  content  of  I”*  was  determined.  The  amount 
taken  up  was  expres.sed  in  t(*rms  of  per  cent  of  the  total  quantity  of  radioactive  mate  rial 
aelded  to  the  diluted  serum  after  correction  of  the  latter  quantity  for  its  content  ot  in¬ 
organic  I”*. 

Mfiterinls 

The  P''‘-labeled  thyroxine  and  the  I'^'-labeled  acetic  and  j)ropionic  acid  analo  los 
were  obtained  from  the  Abbott  Laboratories,  Cliicago.  Chromatography  showed  t  i-in 
to  contain  10  to  15%  inorganic  I'*',  but  no  organic  impurities.  To  10  ml.  serum  vas 
added  0.1  /ag.  of  the  radioactive  substance. 

RESULTS 

The  re.sults  of  the  experiments  appear  in  Table  1.  It  will  be  seen  t  at 
the  quantities  of  Tetrac  and  Tetraprop  that  pass  the  membrane  ir  24 
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Table  1.  Dialysis  experiments  and  experiments  on  tptake  by  erythrocytes  of 

LABELED  lODOTHYRONINE  ANALOOl  ES 


Compound 

Per  cent  passing  mem¬ 
brane  in  24  hrs. 

Per  cent  taken  up  liy  c 
rocytes  (serum  diluted 

rvth- 

1:10) 

L-Thvroxine 

0.50 

5.H 

Tetrac 

0.05 

0.0 

Tetrajirop 

0.05 

0.85 

L-Triiodothvronine 

0.00 

♦  ♦ 

Triac 

1  . 10 

8.8 

Triprop 

0.88 

14.0 

**  The  iijitake  of  TH  from  the  diliiti'd  serum  was  not  determined.  Since  the  uptake  from  the 
u.  diluted  serum  was  8.2%,  the  theoretical  value  for  the  uptake  from  the  serum  dilution 
w  uld  he  about  10  times  this  value.  For  several  reasons  such  excessive  uptake  is  not  subject 
t'  determination  by  the  erythrocyte  procedure. 


hours  are  relatively  small,  viz.,  about  10%  of  the  correspondinp;  amounts 
o!  T4.  Likewise,  the  (luantities  of  Triac  and  Triprop  passing  are  far  less 
than  that  of  T8.  The  results  of  the  experiments  on  uptake  of  these  suit- 
stances  by  erythrocytes  are  in  good  agreement  with  these  data.  The 
amounts  of  Tetrac  and  Tetraprop  taken  up  by  red  cells  are  small  relative 
to  that  of  T4.  The  uptakes  of  Triac  and  Triprop  are  somewhat  higher  than 
that  of  T4,  which  is  in  keeping  with  the  fact  that  in  dialysis  experiments 
tlicy  pass  the  membrane  faster  than  T4. 

liable  2  shows  the  effect  on  the  free  radiothyroxine  of  addition  of  non- 
labeled  T4,  Triac,  or  Tetraprop  to  serum.  Triac  had  no  effect,  and  Tetra¬ 
prop  had  a  slight  effect  as  compared  with  that  ob.served  upon  addition 
of  T4. 

DISCUSSION’ 

The  most  reasonable  explanation  of  the  experimental  results  is  that 
only  very  .small  quantities  of  the  analogues  studied  are  present  in  the 
frc(',  non-protein-bound  form.  It  must  naturally  be  con.sidered  whether  the 
molecules  of  the  analogue  might  not  simply  pa.ss  the  membrane  with 
greater  difficulty  than  the  parent  substance.  It  would  be  difficult  to  check 
this  po.ssibility  in  a  .sy.stem  containing  no  serum,  even  in  the  pre.sence  of 
a  carrier.  In  the  first  place,  a  considerable  proportion  of  the  .substance 
would  be  absorbed  to  the  walls  of  the  apparatus  and  to  the  membrane, 
or  might  be  bound  to  substances  extracted  from  the  membrane  during  the 


'i  \BLE  2.  Displacement  of  I”'-labelei)  thyroxine  from  its  bindino  sites  on  pro¬ 
tein  BY  ADDITION  OF  0.25  #lO.  OF  NO.N-LABELED  COMPOl’ND  PER  ML.  OF  SERC.M 


Noii-lab(‘lcd  compound  .added 


Per  cent  increase  in  P’'-T4 
passing  mcmiirane 


L-Thyroxine 
Tet  raprop 
Triac 


48 

11 
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experiment.  In  the  second  place,  the  solubilities  of  the  analogue  migh 
make  themselves  felt.  In  the  third  place,  instability  phenomena  of  the 
type  described  by  Tata  (15)  might  make  the  interpretation  of  such  experi¬ 
ments  difficult. 

The  experiments  on  uptake  by  erythrocytes  support  the  view  that  tlu* 
dialysis  results  must  be  explained  by  the  assumption  that  the  analogue^ 
are  very  firmly  protein-bound.  The  fact  that  the  uptake  by  red  cells  of, 
for  example,  Tetrac,  is  very  slight  as  compared  with  that  of  T4  might  be 
due  to  a  far  lower  affinity  to  the  binding  sites  in  the  red  cells  of  Tetrac 
than  of  T4.  The  only  probable  explanation  which  satisfies  both  the  dial¬ 
ysis  and  the  red  cell  uptake  results  is,  however,  that  only  small  quantities 
of  the  analogues  are  present  in  the  free  form.  This  constitutes  strong  evi¬ 
dence  that  it  is  correct. 

If  it  is  assumed,  as  a  first  approximation,  that  the  law  of  mass  action 
applies  to  the  association  of  the  iodothyronine  analogues  with  the  serum 
proteins,  the  following  equation  will  hold: 


[ArJ 


K 


[AP] 


where  [Af]  and  [.VP]  denote  the  concentration  of  the  free  analogue  and  the 
analogue-protein  complex  respectively,  and[P„n,at]  that  of  unsaturated  re¬ 
ceptor  sites  on  the  proteins.  .According  to  this,  the  low  value  of  [Af]  found 
can  be  explainenl  either  by  a  high  binding  affinity  (as  expressed  by  l/K) 
between  the  protein  and  the  analogue,  or  by  a  very  high  concentration  of 
unsaturated  binding  sites.  Paper  electrophoretic  experiments  by  Tanaka 
and  Starr  (Ki)  have  shown  that  the  thyroid  hormone  analogues  studied 
in  this  work  are  bound  almost  exclusively  to  the  albumin  and  prealbumin. 
They  found  that  the  receptors  on  these  proteins  could  not  be  satura!(‘d 
with  the  analogues  even  when  the  latter  were  added  to  serum  to  coma  n- 
trations  exceeding  100  /ag.  per  100  ml.  Ingbar  (17)  has  shown  that  the 
analogues  are  preferentially  bound  to  prealbumin.  These  results  arc  in 
accord  with  the  findings  of  Robbins  and  Rail  (IS)  that  the  thyroxine- 
binding  globulin  binds  only  very  .small  quantities  of  the  analogues.  The 
experiments  listed  in  Table  2  are  also  in  keeping  with  the.se  observatiims. 
The  fact  that  addition  of  the  non-labeled  analogues  does  not  result  in  ;  ny 
appreciable  increase  in  free  T4  suggests  that  they  are  chiefly  bound  to 
other  sites  than  is  T4  as  far  as  sera  with  a  normal  content  of  T1  ire 
concerned. 

Thus,  the  low  concentrations  of  the  free  forms  of  the  analogues  ire 
best  explained  by  the  presence  in  .serum  of  a  high  concentration  of  recej  'or 
.sites. 

It  is  well  known  that  T5  is  metabolized  much  more  rapidly  in  the  or^  in- 
ism  than  is  T4,  and  part  of  the  explanation  offered  for  this  is  that  1  •  is 
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1  r  more  loosely  hound  to  the  serum  proteins.  Accordingly,  it  might  he 
;  .ticipated  that  the  analogues  studied  would  he  metaholized  more  slowly 
1  an  the  parent  substances  and  that  it  would  he  difficult  for  them  to  enter 
t  e  body  cells.  To  the  author’s  knowledge,  no  investigation  on  the  disap- 
j  arance  rates  of  these  substances  from  human  plasma  has  been  reported. 

Larson  and  Albright  (19)  have  investigated  the  metabolism  of  Triac 
in  ected  into  rats.  In  contrast  to  T8,  it  is  not  taken  up  to  an  appreciable 
c'  lent  by  the  kidneys  or  by  .skeletal  muscle,  which  is  in  accord  with  the 
Vi  w  that  most  of  it  is  protein-bound.  On  the  other  hand,  Triac  leaves 
tl  (■  plasma  at  approximately  the  same  rate  as  T:L  It  is  preferentially 
ex-  ieted  with  the  bile,  and  possibly  it  is  not  easily  reabsorbed.  Xo  studies 
of  the  mechanism  by  which  these  analogues  pass  the  intestinal  wall  are 
a\ailable.  Wilkinson  (20)  followed  the  deiodination  in  vivo  of  Triac  and 
T  trac  in  rats  by  determining  the  excretion  of  inorganic  iodine  in  the 
urine.  It  appeared  that  the  two  compounds  were  deiodinated  much  less 
rapidly  than  Td  and  T4.  The  overall  rate  of  excretion  of  Tetrac  in  urine 
an<l  feces  was  much  lower  than  those  of  the  other  compounds.  These 
results  may  be  interpreted  in  terms  of  binding  to  protein  and  are  in  accord 
with  the  findings  presented  here.  In  experiments  in  vitro,  Maclagan  and 
Reid  (21)  found  .that  Triac  and  Tetrac  were  deiodinated  slowly  by  a  liver 
extract.  Insofar  as  the  deiodination  rates  may  possibly  depend  on  the 
concentrations  of  the  free,  non-protein-bound  compounds,  these  results 
au'  also  in  accord  with  the  views  advanced  in  the  present  communication. 

However,  no  studies  on  the  binding  of  the  analogues  to  rat  serum  pro¬ 
teins  have  been  performed,  and  considerable  species  differences  in  binding 
properties  ma.v  well  be  found. 

One  might  speculate  whether  part  of  the  metabolic  effect  of  the  ana¬ 
logues  is  due  to  a  blocking  of  some  of  the  thyroxine-binding  sites,  resulting 
in  an  increase  in  free  T4.  The  data  of  Table  2  speak  against  this  hypothesis. 
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ARSTUACT 

Soveral  methods  for  i)urification  of  thyroid  protease  have  h(>en  inv('sti- 
<jate<l.  ('hromato^raidiy  on  diethylamiiioethyl  ami  earl)oxymetliyl  eelhdose 
resulted  in  purifieation  and  separation  of  two  distinct  acidic  proteases.  One 
protease  showed  a  pH  oi)timum  of  3.8  and  the  other  of  5.7.  .\  combination  of 
chromatoKraphy  on  both  types  of  cellulose  colums  resulted  in  500  fold  i)urifica- 
tion  of  both  enzymes. 

SEVEHAL  proteolytic  enzymes  have  been  found  in  thyroid  extracts 
(1,  2,  d).  The  best  studieil  enzyme  showed  optimal  activity  around 
pll  3.0  (2).  The  present  paper  describes  a  procedure  for  the  chromato¬ 
graphic  separation  of  two  proteolytic  enzymes  from  sheep  thyroid  extract 
with  approximately  -oOO  fold  purification. 

MATERIALS  AM)  METHODS 

Thyroid  glands  were  collected  in  the  abattoir  from  freshly  killed  sheep,  and  were  car¬ 
ried  on  ice  to  the  laboratory  when*  they  were  cleaned  of  adventitious  tissue  and  ho¬ 
mogenized  in  a  Waring  blendor  with  chilled  distilled  water.  The  homogenate,  which  had 
a  concentration  of  0.25  gm.  wet  weight  of  thyroid  per  ml.,  was  frozen  over  night  to 
facilitate  extraction.  The  extract  was  thawed  and  filtered  through  a  fine  nylon  mesh. 

For  assaying  the  proteolytic  activity,  a  modification  of  .Vnson’s  hemoglobin  method 
was  used  (4).  .\  2%  bovine  hemoglobulin  solution,  buffered  to  the  required  pH,  was 
used  as  substrate.  Five  ml.  of  the  2%  hemoglobulin  solution  was  incubated  with  0.5  ml. 
of  thyroid  extract,  or  of  (Rher  enzyme  solution,  in  a  constant  temperature  water  bath 
at  31°  (’  for  10  minutes.  The  reaction  was  terminated  by  the  addition  of  5  ml.  of  10% 
trichloracetic  acid  solution.  Following  centrifugation,  the  supernatant  fluid  was  diluted 
with  ilistilled  water  and  the  ultraviolet  absorption  recorded  at  280  mp  in  a  R('ckman 
model  1)F  spectrophotometer.  The  activity  was  expressed  in  t(“rms  of  i)er  cent  of  a 
standard  1 : 1,000  solution  of  tyrosine  per  0.5  ml.  or  per  1  mg.  of  nitrogen  of  the  enzyme 
solution  used. 

I  xtracts  containing  H^'-labeled  thyroglobulin  were  prejjared  by  incubating  shec'ji 
thyroid  slices  with  radioactive  iodide-P”  in  Krebs-Ringer  bicarbonate  buffer  pH  7.4  in  a 
coiwfant  temperature  water  bath  at  37°  C'  for  2  hours  with  constant  shaking  and  in  an 
atm  (Sphere  of  95%  oxygen  and  5%  C02.  The  slices  were  then  extracted  as  described 
ahe  (>.  The  extract  was  dialyzed  against  distilled  water. 
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Fig.  1 .  Chromatoftnim  of  SO  ml.  .sheep  thyroid  extraet  on  DE.VK  cellulose  2.2  X30  cm. 
column.  KfHiumt  collected  in  3  ml.  fraetions.  Tem)H‘rature,  2°  ('.  Solvents;  I,  0.01  .\1 
sodium  jihosphate.  jiH  O.S.  heninninn  with  distilled  water  in  the  mixing  chamber;  II, 
0.1  .M  sodium  j)hos|)liate,  pH  O.S.  .Mixing  chamber  volume,  200  ml.;  •,  ultraviolet 
absorption  at  2S0  mu;  O,  counts  minute/1  ml.  of  effluent  labeled  with  1*’*;  A,  protease 
activity  in  %  of  tyrosine  1  1,000  standanl  solution  per  0..t  ml.  of  effluent. 

Protein  concentration  in  the  enzyme  solution  was  e.stimated  by  two  procedures:  (I) 
The  absorjition  at  2S0  m/i  was  measured  for  diluted  aliquots  of  the  enzyme  solution. 
The  thyroid  extracts  studied  were  found  to  have  absorjition  values  correspondiiifi  to 
an  extinction  coefficient  of  7.3  for  a  1%  solution.  (2)  The  total  nitrogen  content  w.is 
measured  by  a  modifieil  micro-Kjeldahl  method  (5).* 

Diethylaminoethyl-cellulo.se  (DF.\K)  was  jnirchased  from  Kastman  Kodak  ('hemi- 
cals,  Rochester  3,  X.  Y.  It  was  washed  in  acid  and  base  and  then  with  distilled  wali  r 
before  use. 

('arboxymethylcellulo.se  ((’.M(')  was  a  gift  of  Dr.  Peter  (1.  Condliffe.  This  was  was!  d 
with  acid  and  base  and  then  was  equilibrated  with  0.001  M  jihosphate  buffer  (equimo  ir 
K5HP()4  and  KH  .POd  at  pH  fi.O. 

Rentonite,  F.S.P.  Powder,  was  purchased  from  Fischer  Scientific  ('onqiany.  1  ir 
Lawn,  X.  J.  Hyflo  Super-('el  was  purchased  from  Johns-Manville  Products,  Baltiim  ‘. 
Md.  Both  powders  were  used  separately  and  in  a  mixture. 

Fruct i on ati on  Meth ods 

(1)  Column  Chromatogrnphij  on  DEAE  (Diethyl(iminoethyl)-celhilos(.  n 
an  illustrative  experiment,  SO  ml.  of  thyroid  extraet  were  placed  ot  a 
2.2XiiO  cm.  DKAK-cellulose  column.  Elution  was  carried  out  with  a  p  i- 
dient  of  phosphate  buffer  (equimolar  K2HPO4  and  KH2PO4)  beginning  v  h 


^  We  are  indebted  to  Dr.  William  C.  .\lford  for  these  determinations. 
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listilled  water  and  approaching  a  concentration  first  of  0.01  AI  and  tlien 
>f  0.1  M  (pH  G.S)  using  a  constant  volume  mixing  device  (200  ml.)  .similar 
()  that  described  by  Aim  c/  al.  (fi).  Three  ml.  effluent  fractions  were 
ollected.  lOighty  per  cent  of  the  protein  in  the  extract  was  recovered  in 
lie  initial  40  fractions.  A  similar  proportion  of  radioactive  I'-'^'-labeled 
.  rotein,  used  as  an  indicator,  was  recovered  in  this  initial  phase  of  elution 
Fig.  1).  Over  00%  of  the  enzyme  activity  was  recovered  in  the  following 
i  actions  (Fig.  1):  (1)  DFAP]  I,  which  was  found  in  fractions  43  through 
il  and  (2)  Dl'hVlO  II,  which  was  recovered  in  fractions  S<S  through  112. 

(2)  Column  ('hromulogruphjj  on  ('MC  {('arhoxijmctlujlccllnlosc).  The  2 
fiactions  recovered  from  the  Dl'hYI^  column  of  SO  ml.  thyroid  extract, 
DlhVl'.  I  A  II,  were  mixed  and  dialyzed  against  distilled  water.  They  were 
liicn  placed  on  a  2.2X30  cm.  column  containing  about  10  gm.  of  carboxy- 
iiicthyl  cellulose.  A  gradient  of  phosphate  buffer  eluent  was  applied  begin¬ 
ning  with  0.001  M  phosph.ate  and  approaching  1.0  M  (pH  fi.S)  in  three 
giadients  (Fig.  2).  The  mixing  chamber  contained  initially  200  ml.  of 
0.001  M  phosphate  buffer.  Three  ml.  effluent  fractions  were  collected. 
Alxnit  30%  of  thf  protein  initially  present  in  the  Dl'hVl'^  fractions  was 


'  IG.  2.  C’liromatoKram  of  I)E.\E  fractions  I  and  II  recovered  from  SO  ml.  thyroid 
e.\t!  ict  on  CMC'  2.2X30  cm.  column.  Effluent  collected  in  3  ml.  fractions.  Temperature, 
2®  <  .  Solvents:  1,  0.01  M  sodium  phosphate,  pH  6.8,  beginning  with  200  ml.  0.001  M 
sofl  im  phosphate,  pH  6.8,  in  the  mixing  chamber;  II,  0.1  M  sodium  phosphate,  pH  6.8; 
HI  1  M  sodium  phosphate,  pH  6.8;  O,  ultraviolet  absorption  at  280  mp;  A,  protease 
act!  ity  in  %  of  tyrosine  1/1,000  standard  solution  per  0.5  ml.  of  effluent. 
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recovered  in  the  initial  oO  CMC  fractions.  About  S0%  of  the  enzyme 
activity  put  on  the  column  was  recovered  in  the  following  fractions  (Fig 
2)  ;  (1)  CMC  I,  which  was  obtained  in  fractions  ijl  through  100  and  (2 
CMC  II,  which  was  obtained  in  fractions  101  through  141. 

The  enxyme  fractions  from  the  DKAF  and  CMC  columns  were  studied 
in  the  analytical  ultracentrifuge  (Spinco  model  K).®  The  DFAF  fraction- 
showed  a  rapidly  sedimenting  peak,  presumably  thyroglobulin.  This  band 
was  eliminated  in  the  product  obtained  after  adsorption  and  elution  from 
both  columns. 

(:i)  Physical  Adsorption.  The  protease  enzyme  and  the  proteins  in  sheep 
thyroid  extract  could  be  adsorbed  on  various  materials,  such  as:  1.  Ben¬ 
tonite:  2.  Hyflo  Super-Cel;  R.  calcium  phosphate  gel;  4.  aluminum  C 
gamma  gel.  Calcium  phosphate  gel  and  aluminum  C  gamma  gel  were 
abandoned  because  the  enzyme  could  not  be  successfully  eluted  from  the 
gel.  The  enzymes  however  could  be  adsorbed  and  partially  eluted  from 
a  mixture  of  bentonite  and  llyflo  Super-Cel.  With  increasing  molarity  of 
XaC'l,  only  al)out  10-15%  of  the  enzyme  couhl  be  recovered  from  eitlu'r 
adsorbent  with  a  50  fold  increase  in  specific  activity. 

(4)  Thproglohnlin  Fractionotion.  I’ltracentrifugation  (7)  and  salting  out 
with  j)hosphate  buffer  or  ammonium  sulphate  (S)  were  used  to  fractionate 
thyroglobulin.  Using  I'*‘-labeled  thyroglobulin  as  an  indicator,  ultia- 
centrifugation  (two  spins  at  144,000  X  g  for  52  hours)  sedimented  alxnit 
S0%  of  the  proteins,  whereas  over  40%  of  the  protease  was  recovered  in 
the  supernatant  fluids.  AVith  salting  out,  significant  separation  of  the  pro¬ 
tease  from  thyroglobulin  was  observed  at  a  phosphate  concentration  of 
2.45  M  (ecpiimolar  XaH2P04  and  Xa2lIP04)  or  when  a  concentration  of 
45%  saturated  ammonium  sulphate  was  reached. 

RESULTS  AND  DISCUSSION 

In  Table  1,  the  recovery  and  specific  activity  of  the  fractions  obtained 
from  the  DhhVh]  A  C.MC  columns  are  summarized  for  a  typical  experi¬ 
ment  on  SO  ml.  of  sheep  thyroid  extract.  It  may  be  noted  that  the  chro¬ 
matographic  data  demonstrate  two  elution  peaks.  The  enzyme  was  active 
between  pll  2.S  and  (i.O.  However,  two  peaks  were  present:  one  at  pH  l.S 
and  the  other  at  5.7  (I'ig.  5). 

When  the  proteolytic  activity  in  the  fractions  obtained  from  the  DF  -F 
A'  CMC  columns  were  examined  as  a  function  of  the  pH,  it  was  found  t  at 
DIOAF  I  and  CMC  I  had  a  pH  optimum  at  5.(5  and  DFAK  II  and 
II  at  5.7  (Fig.  5).  Con.seipiently  the  recovery  and  specific  activity  v  re 
studied  at  the.se  pH’s. 

It  is  apparent  from  these  data  that  two  distinct  protea.ses,  with  ditfei  nt 
pH  optima,  are  present  in  the  thyroid.  These  can  be  sati.sfactorily  s(  ta- 


*  We  are  indebted  to  Dr.  Harold  Edelhoch  for  the  ultracentrifuge  studies. 
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TaBI.E  1.  Sl’ECIFH'  ACTIVITY  (IN  TEHMS  OK  %  TYROSINE  STANDARD  1  I  lOOO  /  MC  M.  NTTRor.EN) 
AND  RECOVERY  (iN  TERMS  OK  RERCENTACE  OK  EXTRACT’S  TOTAI,  ACTIVITY)  OK  PROTEASE 
ENZYME  RECOVERED  IN  SHEEP  THYROID  EXTRACT  AND  ITS  KRACTIONS  KROM 
CELLCI.OSE  COLfMN  CH  ROM  ATOC;  RA  PH  Y  (l)l‘)AE  i'll  C'M(’) 


Fraction 

Specific  activity 

Ri'covery 

Extract 

.  2:1 

100 

l)i:.\E  I  (4:1-71) 

4.0 

84 

,  CMC  I  (.51-100) 

120.0 

80 

]  ICxtract 

.14 

100 

i  1)E.\E  11  (88  112) 

.5.:) 

80 

;  C.MC  11  (101-141) 

02.  a 

00 

nited  by  cliromatofjirapliy  on  eitlier  1)1‘]AK  or  CMC.  Wluni  l)oth  excliansors 
wore  used  in  seciuenee,  an  approximately  ')()()  fold  purification  of  eaeli 
jirotease  was  aehieved. 

Further  studies  are  necessary  to  determine  the  speeifieity  of  each  of  the 
two  thyroid  proteases  obtained.  The  physiolofjieal  sif>:nifieanee  of  the  two 
enzymes  is  even  more  diffieult  to  ascertain.  It  is  evident  that  some  pro¬ 
tease  is  necessary  for  the  hydrolysis  of  thyronlobulin  in  viro  since  almost 
all  the  thyroxine  in  the  thyroid  is  present  in  that  protein.  It  is  still  not 
clear  whether  either  of  the  proteases  obtained  in  this  study  are  responsible 


iG.  3.  Thyroid  protc'asc  activity  (expressed  in  tc'rnis  of  %  of  tyrosine  I  1,()00  solution 
pel  I..T  ml.  of  enzyino  solution)  in  thyroid  extract  and  its  DE.VIC  &  CMC  luirified  frac- 
tioi  at  pH  raiiKc  2-7). 
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for  the  physiological  hydrolysis  of  thyroglohulin.  The  previous  finding  of 
Delvohertis  (1)  and  Watson  and  Trikojus  ({))  that  thyrotropic  hormone 
increases  the  amount  of  protease  in  the  thyroid  implies  that  at  least  one 
of  these  proteolytic  enzymes  may  have  a  physiologic  role. 

REFERENCES 

1.  DkHobkktis,  K.;  Aunt.  lieconl  80:  219.  1941. 

2.  McQcii.i.an.  M.  T.  and  V.  M.  Tuikojcs:  Ausfralian  J .  Biol.  Sci.  6:  917.  19.58. 

8.  .\lpkrs,  .1.  H.,  M.  L.  Pktkkmann  and  .1.  K.  Hai.l:  Arch.  liiochcm.  Biophns.  65:  .518 
1956. 

4.  Anson,  M.  L.:  J.  den.  Phijsiol.  22:  79.  1988. 

5.  Ma,  T.  S.  and  (J.  Zuazaga:  Ind.  Bug.  Chem.,  .\ual.  lui.  14:  280.  1942. 

9.  .\lm,  R.  S..  R.  .1.  P.  WiLLiA.Ms  AND  .V.  TisKLius:  .\(tn  ('hem.  Scnud.  6:  829.  19.52. 

7.  Rohuins,  .1.,  M.  L.  Pktkrmann  and  .1.  E.  Rall:  J.  Biol.  Chem.  208:  887.  19.54. 

8.  Rorhi.ns,  ,J.:  J.  Biol.  Chem.  208:  877  1954. 

9.  Watso.n,  !*.  AND  V.  M.  Trikojus:  .!««.  Chem.  I.iehig>>  607  :  215  1  9.57. 


C'ONJUGATKS  OF  TRIIODOTHYRONINE 
AND  ITS  METABOLITES^ 


EUNICE  V.  FLOCK,  .JESSE  L.  BOLLMAN,  and 
•JOHN  II.  OHINDLAV 

Maijo  Clinic  and  Mmjo  Coundation,'^  Rochester,  Minnesota 
AliSTHAC'T 

C'()mj)()un(ls  a  and  b,  previously  descrihcMl  as  major  motaholites  formed  in 
the  dog  from  triiodothyronine  (T3),  have  been  identified  by  enzy¬ 

matic  and  chromatographic  technics  as  T3  sulfate  and  3,3'  T2  sulfate.  These 
sulfoeonjugates  occur  together  in  the  bile  in  amounts  equal  to  or  greater  than 
that  of  T3  glueuronide;  and  with  a  third,  but  unidentified,  sulfate  they  account 
for  90%  of  the  1*“‘  excreted  in  the  urine  by  the  dehepatized  dog'after  the  injec¬ 
tion  of  radioactive'  T3.  'I'lie  major  metabolite  of  T3  in  blood  and  urine  of  the 
dehepatized  <log  is  3,3'  T2  sulfate.  Dciodination  of  T3  by  extrahejeatic  tissues 
is  extensive,  but  it  involves  chiefly  the  removal  of  iodine'  (ne)nradie)active'  in 
the  compound  given)  from  the  benzene  ring  with  the  alanine  side  chain,  and  to 
a  very  limite'd  extent,  the  I'”  from  the  phenedic  ring. 

C()N.JU(JATI()N  with  slucuionit*  acid  constitutes  an  iinpentant  meta¬ 
bolic  patlnvay  for  thyroxine  (T4)  (1,2)  anel  triiodejtliyronine  (T3) 
(3,  4).  The  slucosiduronic  acids  of  these  .sultstances  normally  are  excreted 
ill  the  Itile,  and  small  amounts  appear  in  the  urine.  Mucli  larger  amounts 
are  excreted  in  the  urine  when  the  bile  duct  is  oltstructed.  Clucuronides 
of  l)oth  thyroxine  and  a  derivative  are  excreted  in  large  amounts  in  the 
urine  of  deliepatized  dogs  also  (.5),  and  are  present  even  in  the  blood  of 
dchepatized-nephrectomized  dogs.  Curiously,  only  small  amounts  of  T3 
glueuronide  are  excreted  in  the  urine  of  dehepatized  dogs  injected  with 
T3,  and  the  major  products  in  the  urine  are  two  acid-labile  compounds, 
(t  and  h,  not  hitherto  identified  (.o).  Normally  the.se  compounds  are  excreted 
chiefly  in  the  bile,  but  they  appear  also  in  the  urine  of  dogs  with  biliary 
fistulas  and  in  larger  amounts  in  the  urine  of  dogs  with  biliary  obstruc¬ 
tion  (2,  4).  dross  and  co-workers  (b)  have  found  an  acid-labile  compound 
of  T3  in  the  bile,  plasma,  liver,  and  kidney  of  the  rabbit. 

Conjugation  of  T3  with  .sulfuric  acid  has  been  demonstrated  in  the  rat 
(7  {))  and  in  man  (10)  following  administration  of  U^'-labeled  T8  and 
S'’  labeled  sodium  sulfate.  The  conjugate  has  been  shown  to  be  identical 

tti'oeivod  March  28,  lOtiO. 

riiis  work  was  .supi)ort('d  in  part  by  Research  (trant  .\-2780  from  the  National 
In  'itute  of  .\rthritis  and  Metabolic  l)is('ases. 

The  Mavo  Foundation,  Rochester,  Minnesota,  is  a  part  of  the  Graduate  School  of 
th.  I’niversity  of  Minnesota. 
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witli  .synthetic  T3  .sulfate  (8,  9).  Tliis  .sulfoconjugate  is  excreted  in  the  bile 
and  also  circulates  in  the  plasma. 

We  have  used  mylase  P,  which  contains  an  arylsulfatase  (11),  to  study 
the  acid-labile  compounds  that  appear  in  bile  and  urine  of  do^s  with 
biliary  fistulas,  and  also  in  urine  and  plasma  (12)  of  liverle.ss  dogs  following 
administration  of  triiodothyronine. 

METHODS 

Dofjs  woinhinK  from  .5.9  to  19.7  Kg.  wore  used  in  tlio  study.  Intravenous  injections  of 
I'^'-labeled  T3  or  T4  were  given  to  some  of  them  1  or  2  hours  after  total  liepateetomy 
(13),  and  to  other  dogs  1  hour  to  .5  days  after  cannulation  of  tlie  hile  duet.  I'he  do.ses  of 
these  radioactive  liormones  per  Kg.  of  body  weight  vari»‘d  from  S  to  S4  /le.  and  from 
0..5  to  1 .9  /ig.  To  the  dehepatized  dogs  saline,  or  a  mi.xture  of  saline  and  dextran,  was  a<l- 
ministered  by  continuous  intravenous  injection  at  the  rate  of  20  ml.  i)er  hour;  and  glu¬ 
cose.  dissolved  in  the  saline,  was  given  at  the  rate  of  1.50  mg.  per  Kg.  per  hour  for  4  to 
12  hours  and  then  at  higher  rates  up  to  3.50  mg.  per  Kg.  p(>r  hour  when  indieati'd. 

I’rine  and  bile  were  collected  continuously  throughout  the  experiment,  and  blood 
was  collected  at  intervals.  The  radioactivity  of  the  urine,  bile,  and  i)lasma  was  nu'asured 
in  a  well-type  Xal  (thallium-activated)  scintillation  counter.  The  amount  of  1'-’'  circu¬ 
lating  in  the  plasma  was  calculatc'd  on  the  assumi)tion  that  4.;5%  of  the  body  weight  of 
tlu'  dog  was  plasma.  The  compounds  of  1'^'  were  separated  by  column  and  paper  chro¬ 
matography,  and  then  incubated  with  |d-glucuronidase,  mylase  I’,  or  acid. 

Preporntion  of  Pstroctn. — Trine,  bile,  and  jilasma  were  extracted  in  most  of  tlu'se  ex- 
l)eriments  with  four  volumes  of  methanol-acetone  (1:1),  and  centrifuged.  The  preciintate 
was  washi'd  onc(>  with  a  few  milliliters  of  nu'thanol-acetone.  'I'he  extract  was  dried  by 
standing  in  an  open  beak(>r  at  room  temperature,  or  with  reduced  |)ressure  at  30°  ('. 
By  this  proce<lure  more  than  90%  of  the  is  reco’vcred  in  a  protein-free  residue  of 
small  bulk,  which  is  suitable  for  chromatography. 

Column  Chromatograph!/. — The  dried  extract  from  a  few  milliliters  of  bile  or  from  as 
much  as  10  or  20  ml.  of  ])lasma  or  urine  was  dissolved  first  in  a  small  amount  of  the 
stationary  i)ha.se  and  then  in  the  mobile  phase  (4:1  butanol-chloroform-0..5X  X’aOlll. 
and  pipetted  onto  the  kieselguhr  column.  The  compounds  were  elutcal  first  with  4  1 
butanol-chloroform  saturated  with  0..5X  XaOH,  then  with  9:1  butanol-propanol,  abo 
.saturated  with  O.oX  XaOH,  and  finally  with  water  as  previously  <leseribed  (4,  .5).  I'he 
radioactivity  of  the  effluent  was  n'corded  eontinuously,  and  the  effluent  was  collect'  '1 
in  test  tubes  (7.5  ml.  per  tube)  by  a  fraction  collector,  .\fter  the  radioactivity  in  the 
collecting  tubes  was  measured  in  tlie  well-type  scintillation  counter,  the  total  rad  >- 
activity  in  each  jx-ak  was  calculated.  'I'lie  effluent  in  the  column  i)eaks  was  dried  uii'  r 
reduced  pressure. 

Pa/)er  Chromatography. — 'I'he  dried  methanol-acetone  extracts  were  dissolve<l  ii  a 
small  volume  of  .50%  ethanol.  .Miciuots  were  used  for  two-dimensional  chromatograp  y 
on  10  by  12  inch  sheets  of  Whatman  3-MM  filter  jjaper,  and  for  one-dimensional  ch  i- 
matography  on  1.5  by  22  inch  strips  of  the  same  i)aj)er.  'fhe  strips  were  develope(l  ir 
20  to  24  hours  in  butanol-dioxane-2X  ammonia  (BI).\).  'I'he  sheets  were  develoi)ei  .n 
the  same  solvent  overnight,  then  in  tertiary  amyl  alcohol  ammonia  ('I'.V.V)  for  2  d;  s. 
Sometimes  the  'I'.V.V  solvent  was  replacetl  by  another  solvent;  nafnely,  butanol-ac  ic 
acid-water  (78:5:17)  (14)  or  methanol-0.2M  ammonium  acetate  (1:2. .5)  (1.5).  Ra'  o- 
autographs  were  made  from  the  sheets  on  Xo-Screen  x-ray  film  and  from  the  strips  'ii 
Eastman  Linagraph  Ortho  film.  Radioactivity  on  the  strip.s  was  often  measured  id 
recorded  by  the  P'orro  Chromatogram  Scanner.  Xonradioactive  markers  of  'r3,  ii- 
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iodothyroiU'otic  acid  (triac),  3,3'  diiodothyronino  (3,3'  T2),  tctraiodothyroacctic  acid 
(tctrac),  and  T4  were  located  by  use  of  diazotized  sulfanilie  acid,  and  iodide  by  us(‘  of 
|)alladium  iodide. 

II (idrohisis  of  Compound. — compounds  were  ineubatc'd  with  /i-nlueuronidase 

at  37°  for  (H)  minutes,  then  extracted  with  butanol;  and  the  liydrolytie  products  wen* 
chromatoKraphed  on  pajM-r.  comi)ounds  also  were  incubate<l  with  mylase  P  at  i)H  ().,*> 
at  .50°  overnight  (10,  17),  then  extracted  with  butanol  and  chromatographed.  Hydrolysis 
of  comi)ound  b  with  mylase  P  was  found  to  be  2S%  complete  in  1  hour,  .54%  in  3  hours, 
Sl%  in  0  hours,  and  .S0%  in  24  hours.  .\lso,  P”  compounds  were  incid)ated  with  2X 
IK'I  at  .50°  for  1  hour,  then  (‘xtracted  and  chromatof;raphed. 


Table  1.  Disthibi  tiox  ok  1'“‘  in  dogs  injected  with  T3 


Dojj  Xo. 

Hours  aft(‘r 

1131 

intent,  per  cent  of 

(lose 

injection 

Plasma 

I’rinc 

Bile 

Ilcpatcctomy 

1 

0 

10.4 

2 

12 

17.3 

2t) .  7 

■3 

12 

0.1 

1  . 1 

4 

10 

10.2 

0.7 

o 

21 

1 5 .  .5 

1.8 

(> 

22 

8.0 

28.0 

7 

24 

18.0 

8 

24 

0 . 2 

10.0 

Hiliary  (i.'itula 

0 

_ 

2.4 

1.5.4 

10 

0 

— 

.5.2 

1.5.(> 

II 

0 

(> .  4 

2.5 . 1 

31  .5 

12 

18 

10.3 

7.3 

13 

24 

2.4 

.57 . 0 

1 1  .0 

14 

24 

2.1 

40.3 

14.4 

1.5 

24 

7.4 

12.8 

7.8 

1.5* 

24 

— 

17.0 

o .  5 

10 

27 

1 .0 

42.0 

5 .4 

*  A  second  injei'tion  of  T3  was  Kiven  to  this  dog  0  days  after  the  first  injection. 


RESULTS 

Dehepatized  do^.s  in  good  condition  excreted  in  urine  approximately 
one  fiftli  of  tlie  dose  of  after  intravenous  injection  of  I''’'-lal)eled  TiJ 
("I'aitle  1).  Most  of  tliis  was  found  in  compounds  which  were  hydro- 
lv/.al)le  with  mylase  P  and  thus  pre.sumahly  were  sulfates.  Two  of  the.se 
compounds,  a  and  b,  came  off  the  kieselguhr  column  before  inorganic 
iodide  and  overlapped  the  T3  region;  a  third  compound,  d,  came  off  the 
eoUimn  after  the  iodide  (Fig.  1).  These  three  compounds  accounted  for 
most  of  the  P**  in  the  urine.  In  plasma,  most  of  the  I'®'  was  accounted  for 
in  compounds  a,  b,  and  c,  which  came  off  before  iodide. 

Compounds  a,  b,  and  d  clustered  clo.se  to,  but  at  the  right  of,  iodide  on 
two-dimensional  paper  chromatograms  (Fig.  2).  Compounds  a  and  b  often 
wt  le  unresolved,  particularly  on  the  two-dimensional  chromatograms;  but 
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T3  Urine  —  0-G  hours 


Fig.  1.  Above,  column  chromatogram  of  urine  from  a  dclicpatizcd  dos  after  injeetion 
of  T3.  Total  1'^‘  excreted  in  0  hours  was  4.S%  of  dose,  ('ompound  a  (T.3  sulfate)  was  9^^ 
of  the  urinary  I*”;  compound  b  (3,3'  T2  sulfate)  was  ()1%;  and  compound  d  (X2  sulfate) 
was  14%.  Conj.  is  T3  glucuronide. 

Below,  column  ehromatogram  of  jrlasma.  Total  I*’*  in  plasma  was  15.o%  of  dose. 
C'ompound  a  (T3  sulfate)  was  20%  of  the  plasma  l'®‘;  comjxrund  b  (3,3'  T2  sulfate)  was 
40%;  and  compound  c  (an  unidentified  sulfate)  was  25%.  Conj.  is  T3  glucuronide. 

oompouiul  d  usually  was  clearly  .separated  from  these  and  Tii  Klucuronidc' 
(Figs.  2  and  ii). 

Tii  was  liberated  from  compound  a  when  it  was  incubated  with  mylase 
P  (Fig.  4n).  Hence  it  appears  that  our  compound  a  is  identical  with  the 
sulfate  that  Roche  and  co-workers  have  identified  in  the  bile  of  the* 
rat  after  the  administration  of  Tii  (8,  9).  The  product  liberated  from  com¬ 
pound  h  by  mylase  P,  when  run  on  two-dimensional  paper  chromatograms 
in  butanol-dioxane-ammonia  and  tertiary  amyl  alcohol  ammonia,  u.sually 
overlapped  the  lower  part  of  the  tetrac  marker  or  when  present  in  large 
amounts  covered  it  (Fig.  Ah).  We  found  that  this  product  coincides  exactly 
with  the  3,8'  T2  marker  (Fig.  o).  It  also  coincides  with  the  3,3'  T2  win  a 
two  other  solvent  combinations  are  u.sed,  namely  PDA  and  biitanol-acei ic 
acid-water  (78:5:17)  and  BDA  with  methanol-().2M  ammonium  acetate 
(1:2.5).  Thus  it  now  appears  that  our  compound  b  is  3,3'  T2  .sulfa'e. 
When  compound  d  was  incubated  with  mylase  P,  an  unidentified  prodm  t, 
X2,  was  liberated  (Fig.  4c).  It  had  lower  Hf  values  than  3,3'  T2  on  pa)  r 
chromatograms  and  u.sually  overlapped  the  lower  portion  of  the  T4  mark  r. 
The  unidentified  hydrolytic  product  from  compound  c  in  plasma  travel  <1 
just  beyond  iodide  in  the  butanol-dioxane-ammonia  system. 

Acid  hydrolysis  of  urinary  compounds  a,  b,  and  d  in  2N  IICl  at  50°  )r 
1  hour  liberated  the  same  products  as  did  mylase  P  (Fig.  6). 

In  the  liverless  dog,  sulfoconjugates  of  T3  and  3,3'  T2  and  an  unidei  i- 
fied  metabolite,  X2,  accounted  for  about  80%  of  the  I'®'  excreted  in  '.le 
urine,  while  glucuronoconjugates  accounted  for  less  than  5%.  Also  in  le 
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Fig.  2.  I’apiT  cliromatonrani  of  urino  collected  from  flog  represented  in  Fi^nre  1 
(luring  i)eriod  (>  to  24  hours  after  injc'ction  of  T3.  Total  excrete<l  in  sample  was 
lo,l%  of  dose.  Spot  2  (T3  Klucuronide)  contained  4%  of  urinarj-  I*’*.  Spot  3  (compound 
rf,  or  X2  sulfate)  contained  15%.  Spot  4  (iodide)  contained  4%.  Sjiot  5  (a  and  b  com- 
l)iiu‘d,  or  T3  sulfate  and  3,3'  T2  sulfate)  contained  73%.  Positions  of  markers  are  in¬ 
dicated  by  dashed  lines. 


plasma  of  the  (leliepatized  dog,  most  of  the  was  present  as  the  sulfo- 
coiijugates  T3  sulfate,  T2  sulfate  (12),  and  an  unidentified  compound 
r.  'Pile  most  abundant  sulfoconjugate  in  both  urine  and  plasma  was  3,3' 
T2  sulfate. 

After  the  administration  of  P^'-labeled  T3  to  normal  dogs,  the  sulfates 
of  T3  and  of  its  metabolite  3,3'  T2  were  excreted  in  the  bile  in  amounts 
ecpial  to  or  even  greater  than  that  of  T3  glucuronide  (Fig.  7).  The  amount 
of  l'®‘  excreted  in  the  bile  in  3,3'  T2  sulfate  was  much  greater  than  that 
ex'  reted  in  T3  sulfate.  Both  3,3'  T2  sulfate  and  T3  sulfate  were  excreted 
in  'he  urine  of  the  dogs  with  biliary  fistulas,  but  the  quantity  was  much 
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Fig.  3.  Same  urine  as  in  Figure  2.  Record  of  radioactivity  on  a  one-dimensional  paper 
chromatogram  made  by  Forro  chromatogram  scanner.  In  tliis  separation,  compound  a 
is  included  with  compound  b  under  heading  h.  Positions  of  markers  on  strip  are  indicated 
by  brackets. 


les;s  than  tliat  of  inorganic  iodide.  In  thi.s  study  R,3'  T2  was  not  detected 
in  tlie  free  state,  except  after  hydrolysis  of  T2  sulfate. 

Also,  inylase-hydrolyzahle  I'*'  compounds  have  been  found  in  the  urine 
of  dehepatized  dogs  after  injections  of  T4.  These  came  off  the  kieselguhi' 
column  ahead  of  the  iodide  •’nd  appeared  near  the  iodide  on  the  paper 
chromatograms.  In  a  urine  specimen  collected  from  the  (ith  to  the  2:h(l 
hour  after  the  injection  of  T4  and  containing  10.2%  of  the  dose  of  I'-*', 
three  sulfoconjugate  compounds  were  found.  These  .sulfates  accounted  for 
4S%  of  the  I'^‘  in  the  urine,  and  two  glucuronides  accounted  for  44^^'. 
After  admini.stration  of  T4  to  dogs  with  biliary  fistula,  a  myla.se-hydro- 
lyzable  compound  has  been  found  in  the  bile;  but  the  amount  was  much 
lei^s  than  that  of  the  T4  glucuronide. 

COMMENT 

The  euthyroid  dog,  like  the  thyroidectomized  rat  studied  by  Roche  acd 
co-workers  (S,  9),  conjugates  T:i  with  sulfate  and  excretes  Til  .sulfate  in 


>- 

Fig.  4.  a.  Paper  chromatograms  of  compound  a  (T3  sulfate  from  the  column  she  a 
in  Fig.  1)  after  incubation  with  and  without  mylase  P.  The  major  hydrolytic  iirotl  t 
was  T3.  Markers  are  indicated  by  dashed  liiu's.  'the  chromatograms  have  been  trimn  d 
to  a  7-inch  square  containing  the  radioactivity. 

b.  Pajier  chromatograms  of  compound  b  (3.3'  T2  sulfate  in  urine  from  strip  showi  in 
Fig.  3)  after  incubation  with  and  without  mylase  P.  Tlu*  major  hydrolytic  product  ’  ,is 
3,3'  T2  (see  also  Fig.  5). 

c.  Pajier  chromatograms  of  compound  d  (X2  sulfate  in  urine  from  column  showi  in 
Fig.  1)  after  incubatiim  with  and  without  mylase  P.  The  major  hydrolytic  product  as 
X2.  which  apjiears  below  the  Tetrac  marker. 
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Fig.  o.  Paper  chromatogram  of  compound  h  (3,3'  T2  sulfate)  from  bile  after  inculi.i- 
tion  with  myla.se  P.  The  hydrolytic  product  coincided  with  the  3,3'  T2  marker.  A  small 
amount  of  comjiound  h  remained  unhydrolyzed. 

C’ompound  b  had  been  separated  first  on  a  column  chromatogram  and  then  on  one- 
dimensional  paper  chromatograms  before  incubation  with  the  enzyme.  Without  enzyme 
treatment  most  of  the  radioactivity  was  at  b  and  no  3.3'  T2  was  present. 


the  After  injection  of  T8,  however,  the  dog  excretes  in  the  l)ile  l  ot 
only  the  .sulfate  of  T3,  but  also  even  larger  amounts  of  the  sulfate  of  3  3' 
T2.  The  liver  is  not  es.sential  for  the  conjugation  of  the  hormone  with  rie 
.sulfate  or  for  the  partial  deiodination  of  T3  that  occurs  during  the  forr  a- 
tion  of  3,3'  T2,  since  both  T3  sulfate  and  3,3'  T2  .sulfate  are  synthesi.  d 
readily  by  the  dehepatized  dog.  Indeed,  the  chief  metabolite  of  T3  in  In  tli 
the  plasma  (12)  and  urine  of  the  dehepatized  dog  is  3,3'  T2  sulfate  A 
third  metabolite  also  is  excreted  in  the  urine  in  significant  amounts  n  a 
sulfcconjugate  by  the  dehepatized  dog.  Tlie  hydrolytic  product  from  i  lis 
conjugate  showed  progressively  lower  Rf’s  than  T3  and  3,3'  T2  on  p:  er 
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Urine  +  Acid 


T3  Tetroc 


Fig.  (>.  of  acid  liydrolysis  of  urine  excreted  hy  a  dtdiepatized  dofj  durin}>;  tlu' 

nrst  (i  hours  aftiT  injection  of  Td.  Of  tlie  33%  was  found  in  the  T3  region,  34%  in 
the  XI  (3,3'  T2)  region,  and  12%  in  the  X2  region.  (In  the  nnhydrolyzed  urine  23%,  (»f 
(lie  was  present  as  T3,  and  the  remainder  was  found  near  or  helow  tlie  iodide  marker, 
■IS  in  Fig.  3.) 

(■Itromatofjranis.  One  inifijht  .speculate  that  further  deiodination  occurred 
with  the  formation  of  :V-monoiodothyronine. 

It  has  been  sliown  previously  that  tyrosine  is  conjufrated  with  sulfate, 
and  tyrosine  sulfate  has  been  identified  in  the  urine  of  man  (bS)  and  in 
one  of  the  peptides  released  from  fibrinogen  by  thrombin  (lU).  Sulfo- 
conjugation  of  both  TU  and  Triac  has  been  ob.served  by  Roche  and  co¬ 
workers  (7-1)).  Derivatives  of  these  substances  now  have  been  shown  to 
!)('  conjugated  with  sulfate.  In  the  normal  dog,  .sulfoconjugation  of  TU  and 
its  metabolites  occurs  to  about  the  same  extent  as  glucuronoconjugation. 
Storey  (20),  who  has  studied  the  formation  of  glucuronides  and  ester 
sulfates  of  hydroxyl  compounds  by  liver  slices,  has  suggested  that  these 
two  processes  compete  for  available  {)henol  acceptors.  In  dehepatized  dogs. 
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’  iG.  7.  Radioactivity  in  a  onc-dimcnsional  pajx'r  chromatogram  of  bile  excreted  dnr- 
iiij.'  the  first  (i  iionrs  after  injc'ction  of  T3.  I'Ik'  total  1”'  in  tin*  hile  specinum  was  27% 
of '  le  dose.  Twenty-two  per  ceid  of  the  biliary  I'-’*  was  in  T3  glncaronide.  ('ompound  b 
(3,  '  T2  sulfate)  accounted  for  44%)  (a  small  amount  of  T3  sulfate  would  he  included 
in  'lis  peak).  Free  T3  account(‘d  for  (>%. 
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most  of  tlie  T:i  or  its  derivatives  are  conjugated  witli  sulfate  and  little, 
if  any,  is  conjugated  with  glucosiduronic  acid. 

When  T4  was  administered  to  <logs,  only  small  amounts  of  the  sulfates 
of  T4  or  its  metabolites  were  excreted  in  the  bile,  and  the  major  products 
were  glucuronides.  Closon  (9)  has  found  only  small  amounts  of  sulfo- 
conjugates  in  the  bile  of  rats  after  the  administration  of  T4.  In  the  dehepa- 
tized  ilog,  sulfoconjugates  and  glucuronoconjugates  of  T4  or  its  derivatives 
are  excreted  in  approximately  ecpial  amounts. 

Previously,  we  have  observed  in  liverless  rats  (21)  and  liverless  dog> 
(22)  a  great  decrease  in  urinary  excretion  of  I'^'-labeled  inorganic  iodide* 
that  indicates  a  decrease  in  the  rate  of  deiodination  of  both  T:i  and  T4. 
Since  these  thyroidal  hormones  were  labeled  only  in  the  '-V  or  o'  positions, 
deiodination  at  position  8  or  o  could  have  occurred  without  detection. 
The  availability  of  :i,:T  T2  for  use  as  a  standard  has  now  made  it  possible 
to  show  chromatographically  that  the  identical  substance  is  formed  as  a 
major  metabolite  of  T3  and  that  deiodination,  therefore,  does  occur  in 
position  3  or  o.  Formation  of  the  metabolite  T2  would  cause  inactiva¬ 
tion  of  Td,  according  to  (lemmill  (2.4)  and  to  Stasilli,  Kroc,  and  AIeltz(‘r 

(24) ,  who  have  found  4,4'  T2  to  be  inactive  by  both  calorigenic  and  anti- 
goitrogenic  assays.  Particularly  after  dehepatization  in  dogs  has  limit(Ml 
the  capacity  for  removal  of  iodine  from  the  4'  position  (with  formation  of 
radioactive  inorganic  iodide),  4,4'  T2  accumulates;  and  this  indicates  that 
partial  deiodination  of  the  ring  in  T4  with  the  alanine  side  chain  is  an 
important  pathway  in  its  metabolism.  Although  extrahepatic  tissues  thus 
can  remove  iodine  from  one  ring  of  T4  more  readily  than  from  the  other, 
Lissitzky  and  as.sociates  (2.5)  have  shown  that  rat  liver  slices  can  remove 
all  the  iodine  atoms  from  radioactive  T4  with  the  formation  of  thyroniiu*. 

In  the  presently  reported  study,  4,4'  T2  was  found  in  only  the  conjugated 
form.  In  earlier  studies  Roche  and  co-workers  (2(5)  found  4,4'  T2  in  rat 
thyroid,  both  in  the  free  state  and  as  a  constituent  of  thyroglobulin.  The 
same  investigators  (27)  also  found  small  amounts  in  the  plasma,  but  Pied 

(25)  found  no  trace  of  it  in  the  plasma.  4,4'  T2  has  been  found  in  small 
amounts  in  the  free  state  in  the  kidney  (20)  and  muscle  (40)  of  the  i  d 
after  administration  of  I'^'-labeled  T4.  When  I'^'-labeled  4,4'  T2  w  ts 
administered  to  the  rat,  radioactive  inorganic  iodide  was  excreted  rapid  y 
in  the  urine  (41). 
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AUTORADIOGRAPHIC'  AND  IIISTOC'IIIvMK'AL  STUDY 
OF  THE  C'OC'K’S  C'OMB  IN  NORMAL  AND 
HORMONALLY  TREATED  BIRDS‘ 


IL  E.  MANCINI,  1).  BRANDES,  A.  POHTELA,  L  IZQUIEIHK) 
AND  P.  KIRSCIIBAUM 

Ini^tifiito  (le  Anntoinia  Gencrnl  //  Embriologia,  Facultnd  <le  Medicinn.  Buenos  Aires, 
Argentina,  and  the  Department  of  Anatomg,  Eniorg  I'niversitg,  Atlanta,  Georgia 

ABSTRAC'T 

Th(*  (“ock’s  foinh  uikUtkoos  IiistoloKical  and  liistocheinical  change's  with  the 
onset  of  i)uhoity.  Before  puberty  the  eoriuin  of  tin*  eomh  is  eonstitute'd  mainly 
of  fibrous  eonneetive  tissue.  -Vfter  puberty  the  eorium  undergoes  ehaiiges  which 
transforms  it  int«»  a  loose'  variety  eef  eonneetive  tissue  with  a  pre'elominanee  <»f 
ground  substance.  This  greeuml  suhstane'e  stains  me'taehromatie'ally,  gives  a 
positive  re'aetion  with  Hale’s  eedloidal  iron  and  Aleian  Blue  and  displays  an 
ability  feer  the  rapid  ine‘e)ri)oratie»n  of  The'se  change's  inere'ase'd  freuu  the 

1.5th  to  the  ()0th  day  of  age. 

Te'stoste'reene  leeeally  applied  to  the  eeemh  e)f  jere'puheral  birds  ehange'd  the 
fibrous  type  of  ceenne'ctive  tissue  inte)  a  mue'eeiil  e)ne'  rich  in  muceeieedysae'charide's 
with  and  ability  to  rajudly  ine'orporate  Castration  of  the  i)ost-i)uberal 

bird  transfeerme'el  the  mucoid  eonne'ctive  tissue  tee  a  fibre)us  type  as  se'en  in  pre'- 
puheral  birds.  The  tests  feer  mueopeelysaeeharide's'be'came  h'ss  intense  or  ne'ga- 
tive  anel  the  uptake  etf  S^*04  was  diminisheel.  The  histoehemieal  reaetie)ns  as 
well  as  the  uptake  of  S’H)4  eleerease'el  or  became  negative  after  treatment  with 
hyaluronidase,  or  with  barium  hydroxide  extraction,  thus  showing  the  jjre.senee 
of  a  sulfated  mucopolysaccharide  in  the  ground  substance. 

Growth  of  the  cock’s  comb  in  tlie  Leghorn  .strain  begin.s  at  10-1'> 
(lay.s  of  age  and  coincide.s  with  te.sticular  development  and  appear¬ 
ance  of  gonadotrophin.s  in  the  liypophy.si.s  (1,  2,  Its  growth  is  regnlatc d 
by  androgenic  secretion;  parenteral  admini.stration  or  local  application  of 
testo.sterone  cau-ses  the  crest  to  develop  in  prepuberal  cockerels,  whih* 
castration  brings  about  its  atrophy  in  adult  birds.  Atrophy  is  preventc  I 
by  administration  of  testo.sterone  (4,  5).  Hypophysectomy  of  the  aduU 
cock  produces  atrophy  of  the  comb  (0),  LH  appearing  to  be  the  gonad  >- 
trophin  involved  (7,  8).  Histological  and  hi.stochemical  .studies  show  tli  t 
the  eorium  of  the  comb  is  of  the  fibrous  type  from  birth  to  puberty.  Afl  r 
puberty  it  develops  an  intermediate  mucoid  zone  rich  in  ground  sii  >- 
stance  which  contains  hyaluronic  acid  (.5),  gluco.samine  and  a  high  cont(  d 
of  water  (9). 
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This  work  is  designed  to  show  the  presence  in  the  mucoid  zone  of  an¬ 
other  mucopolysaccharide,  cliondroitinsulfuric  acid  as  well  as  hyaluronic 
acid. 

MATERIAL  AND  METHODS 

Untreated  animals.  Wliitc  Leghorn  cocks  of  5,  15,  30  and  00  days  of  age  were  used, 
10  birds  l)('ing  placed  in  each  age  group.  ,\fter  a  biopsy  of  one  peak  of  the  comb  each 
lird  received  an  intraperitoneal  injection  of  sodium  sulfate  labeled  with  S^^.  The  dose 
■mi)loyed  was  two  microcuries  per  gram  of  body  weight.  Sulxsequent  biopsies  of  combs 
,v(‘re  taken  at  15  minutes,  30  minutes,  1,  2,  5,  12,  24,  48  and  72  hours  and  then  every 
hree  days  up  to  a  i)eriod  of  21  days. 

Treated  animals.  These  were  divided  into  six  groups.  Groups  I  and  11  each  consisted 
pf  14  i)rei)uberal  cockerels.  Testosterone  in  se.same  oil  (100  mg.  in  0.01  ml.)  was  api)lied 
p)cally  to  the  combs  of  Group  11  for  8  days.  Group  1  .st*rved  as  controls  and  received 
ppidy  .se.same  oil.  Groups  III,  IV,  V  and  VI  each  consisted  of  10  adult  birds  of  90  days 
<pf  age.  Groups  IV,  V  and  VI  wen*  castrated.  After  one  month  intramuscular  injections 
pif  2  mg.  daily  (for  10  days)  of  testosterone  propionate  were  started  in  Group  V,  and 
after  two  months  in  Group  VI.  Groups  III  and  IV  were  used  as  intact  and  castrated 
(  imtrols.  .Ml  birds  were  injected  intraperitoneally  with  2  pe.  of  per  gm.  of  body 

weight  in  the  form  of  sodium  sulfate.  Removal  f)f  the  peaks  of  the  comb  was  begun  at 
line  hour  after  the  injection  and  continued  at  2-hour  intervals  for  24  hours. 

Tissues  were  fixed  in  Bonin’s  and  C'arnoy’s  fluids  and  in  10%  formalin  and  sections 
cut  at  5,  10  and  20  p.  Some  s(“ctions  were  incubatc'd  in  testicular  hyaluronidas*'  and  some 
in  a  saturated  solution  of  barium  hydroxide.  Pele’s  stripping  film  method  was  us(m1  for 
aiitoradiograijhy  (11).  The  following  techniques  were  u.sed  for  histogical  and  histo- 
chemical  purposes:  hematoxylin  and  eosin,  .Kzan  and  van  Gieson  for  routine  observa¬ 
tions,  orcein  for  elastic  fibers,  silver  impregnation  for  reticular  fibers.  Mucopolysac¬ 
charides  were  demonstrated  by  the  metachromatic  reaction  (toluidine  blue  0.25%,  pH 
4),  Hale’s  colloidal  iron,  .Vlcian  Blue  and  Periodic  .\cid  Leucofuchsin  (P,\S).  The  si)e- 
cificity  of  the  latter  three  techniques  was  controlled  through  incubation  of  the  sections 
in  testicular  hyaluronidase  as  already  indicated. 

The  determinations  of  the  concentrations  of  8**04  in  the  histological  sections  wer(' 
made  by  comparison  with  reference  standards.  For  the  evaluation  of  the  blackening 
produced  in  the  stripping  film  by  the  Beta  particles  emitted  bj’  the  S**04  i)resent  in  the 
specimen,  a  microdensitometer  of  high  sensitivity  was  employed.  The  densitometer  con¬ 
sisted  of  an  optical  system  (phase  contrast  microscope  and  a  photographic  enlarger  with 
lateral  i)rism)  and  Du  Mont  64(57  and  RC’.V  1  P  21  photomultipliers.  .\n  adjustable 
diaphragm  was  u.sed  for  delimitation  of  the  sensitivity  area  of  the  photocathode  and  the 
area  to  be  measured.  The  linear  scanning  of  the  image  was  achieved  with  two  motors 
displacing  the  photomultipliers  and  accessories  in  synchronization  with  the  recording 
system  (General  Electric  Recorder  CE).  The  appropriate  sensitivity  of  the  scale  was 
obtained  with  an  attenuator  and  multiplier  circuit.  The  photometric,  lamp  was  fed  with 
a  stablilizing  source  of  6  volts  (+0.01  volts).  This  apparatus  permitted  work  in  a  range 
of  optical  density  between  0.01  and  1.0.  For  various  types  of  tissues  and  for  thickness 
varying  from  1  to  10  p  the  optical  index  found  was  of  ±0.03.  The  amount  of  visible 
lirht  absorbed  by  the  autoradiograi)h  was  related  to  the  total  number  of  silver  grains 
di  veloped  per  area  unit. 


RESULTS 

Untreated  birds.  In  untreated  birds  5  days  of  age  the  eorium  was  entirely 
oi  tlie  fibrous  type  with  very  little  ground  substance  (Fig,  1).  In  birds  15 
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Fig.  1.  Coiiil)  of  a  .o-day  old  male  cdiick.  Hale’s  eolloidal  iron  ti'ehnicnie,  sliowin 
iK'fiative  result  all  through  the  eonneetive  tissue.  X  150. 

Fig.  2.  ('omh  of  a  1.5-day  old  eoek.  Hale’s  eolloidal  iron  t(‘ehni(iue,  showing  sea 
positive  inati'rial  in  some  areas  of  the  internu'diati*  layer.  X1.5(). 

Fig.  3.  (’omh  of  a  .30-day  old  eoek.  Hale’s  colloidal  iron  techniciue,  showing  model 
positive  reaction  in  the  intermediate  layer.  X1.50. 

Fig.  4.  Comb  of  an  adult  cock  (approx.  00  days).  Hale’s  colloidal  iron  technii 
showing  intensely  jiositive  material  in  the  intermediate  layer.  XI 50. 

a  =  superficial  fibrous  layer 
b  =  intermediate  mucoid  layer 
c  =  fibrovascular  central  ^ore 
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o  00  (lays  of  age  the  corium  consisted  of  a  superficial  fibrous  layer  and 
m  intermediate  or  mucoid  layer  and  a  filno vascular  central  core  (Fif?!^. 

In  birds  lo  days  of  age  and  older  the  ground  substance  in  the  inter- 
iiediate  zone  showed  a  positive  reaction  with  Alcian  Blue  and  Hale’s  col- 
oidal  iron  (Figs.  2,  4)  and  the  metachromasia  was  positive,  demon- 

trating  a  mucopolysaccharide  content  increasing  progressively  with  age. 
file  FAS  techni(iue  and  silver  impregnation  demonstrated  reticular  and 
( ollagen  fibers.  In  the  superficial  and  central  layers  the  reaction  for  muco- 
Itolysaccharides  was  positive  only  in  the  walls  of  tlie  vessels.  The  PAS 
reaction  and  silver  impregnation  showed  reticular  and  collagen  fibers  and 
Ihe  basement  memlnane,  Treatment  with  hyaluronidase  removed  com- 
])letely  the  staining  of  mucopolysaccharides  in  Imth  filn-ous  and  mucoid 
layers,  but  did  not  affect  the  PAS  and  silver  impregnation  tests  for  collagen 
and  rectiular  fibers  and  for  the  basement  membrane.  The  uptake  of  S^'’04 
was  negative  in  the  o-day  old  birds  (Fig.  o)  Init  became  progressively 
positive  in  birds  from  15  to  (U)  days  of  age  (Figs,  (i,  7,  S).  In  the  first 
hours  after  the  injection,  a  transitory  uptake  of  S'*‘04  was  visible  in  the 
cytoplasm  of  the  fibrolrlasts  and  in  the  area  immediately  surrounding 
them  (Fig.  17).  After  24  hours  the  di.stribution  became  extracellular  (Fig. 
IS)  and  appeared  predominantly  in  the  intermediate  layer  corresponding 
with  the  histochemical  picture  for  mucopolysaccharides.  In  the  super¬ 
ficial  and  central  layers  a  very  slight  intercellular  uptake  of  S^’’()4  was 
visible.  The  walls  of  the  arteries  and  veins  showed  a  moderate  uptake. 

Figure.  H)  shows  in  semi-logarithmic  .scale  the  concentration  of  S'*'’()4  in 
the  sections  of  the  combs  and  the  variations  with  time  in  the  four  groups 
of  different  ages.  The  incubation  of  the.se  .sections  in  hyahironida.se  and 
barium  hydroxide  .showed  that  the  extraction  of  8'*'^04  was  complete  with 
barium  hydroxide  and  only  partial  with  hyaluronidase. 

Treated  birds.  In  prepuberal  birds  local  application  of  testosterone  pro¬ 
moted  within  a  few  days  a  general  growth  of  the  comb,  with  the  develop- 
mi'iit  of  an  intermediate  zone  with  histochemically  demonstrable  muco¬ 
polysaccharide  (cf.  Figs.  0  and  10)  and  an  intense  uptake  of  S'’'’()4  (cf. 
Figs.  15  and  14).  Castration  in  adult  cocks  produced  atrophy  of  the 
comb,  decreased  the  content  of  mucopolysaccharides  (Fig.  11)  and  reduced 
tlic  extent  of  uptake  of  S'*'’04  in  the  mucoid  layer  (Fig.  15).  Admini.stration 
of  testosterone  to  castrated  birds  promoted  within  a  few  days  the  growth 
of  the  comb  and  produced  similar  histological,  histochemical  and  auto- 
railiographic  aspects  of  the  mucoid  zone  to  those  of  the  prepuberal  birds 
tn  ated  with  testcjsterone  (Figs.  12,  Ifi).  Figure  20  shows  the  densitometric 
curves  for  the  four  groups  of  treated  birds  and  their  corresponding  controls. 

DISC’USSIOX 

Phis  work  indicates  a  clo.se  relationship  between  the  appearance  and 
ill  lease  of  the  mucopolysaccharide  content  and  the  progre.s.sive  uptake  of 
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riG.  5.  Comb  of  a  5-day  old  malt*  chick.  The  autoradiograph  is  negative  in  the  c 
nective  tissue,  24  hours  after  the  administration  of  S“04.  X800. 

Fig.  •).  C’omb  of  a  15-da\'  old  cock.  .Vutoradiograiih  of  siiecimen  removed  24  ho 
after  administration  of  There  is  a  slight  uptake  of  S’^04  in  the  intermediate  l:t 

mainly  in  the  intercellular  spaces.  X800. 

Fig.  7.  Comb  of  a  30-day  old  cock.  Autoradiograph  of  siiecimen  removeil  24  ho 
after  administration  of  S’‘04.  There  is  a  moderate  uptake  of  S’®04  in  the  intermedi 
layer  mainly  in  the  intercellular  spaces.  X800. 

Fig.  8.  Comb  of  an  adult  cock  (approx.  60  day),  .\utoradiograph  of  specimen  remo 
24  hours  after  the  administration  of  S’^04.  There  is  an  intense  uptake  of  S’*04  in 
intermediate  layer  mainly  in  the  intercellular  spaces.  X800. 
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Fig.  13.  ('omh  of  a  o-day  old  male  chick,  24  hours  after  the  administration  of  S 
The  autoradiograph  is  negative  in  the  connective  tissues.  XSOO. 

Fig.  14.  Comb  of  a  5-day  old  male  chick,  treated  locally  with  testosterone.  24  In 
after  the  administration  of  S^‘04.  The  autoradiograph  shows  an  intense  ui)tak 
S’H)4  in  the  connective  tissue  of  the  intermediate  layer.  X800. 

Fig.  15.  Comb  of  the  adult  castrate  cock,  24  hours  after  the  injection  of  S^®04. 
The  autoradiograph  shows  a  slight  uptake  in  the  connective  tissue.  X800. 

Fig.  16.  Comb  of  an  adult  castrate  cock,  treated  with  testosterone  injections, 
autoradiograph  of  the  specimen  removed  24  hours  after  the  injection  of  S®‘04,  si 
an  intense  uptake  of  the  isotope.  X800. 


'  iG.  17.  Intomiodiato  laj’cr  of  the  comb  of  a  (wlay  old  male  chick,  treated  for  S  days 
wit 'I  testosterone  locally  applied,  one  hour  after  intrajjeritoneal  injection  of  the  isotope*. 
I  ll  uptake  has  oceurn'd  mainly  in  the  cytoplasm  of  the  fibroblasts.  A  moderate  ujitake 
of  ■>04  is  also  visible  in  the  f^round  substance  around  the  cells.  XfloO. 

IG.  18.  Seetion  of  the  comb  taken  from  the  same  bird  in  Figure  17  except  that  the 
tis^  le  was  removed  24  hours  after  the  injection  of  S’H)4.  The  distribution  of  the  isotope 
is  1  )w  mainlyjn  the  ground  substance.  X950. 
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Fig.  19.  Graiilup  representation  of  the  variations  in  radioautographic  density  of  the 
cock’s  comb  after  intraperitoneal  injection  of  .S“04,  at  different  ages  and  interval. 
D-R  signifies  radioautographic  density  of  the  histological  sections  and  is  a  function  of 
the  concentration  of  8*^)4  in  the  intermediate  layer  of  the  combs.  0.07:  This  is  a  constant 
factor  due  to  the  ab.sorption  of  the  radioautograi)hic  film  and  the  particular  structure 
analyzed.  A.  B,  (’  and  1)  repre.sent  the  densitometric  curves  corresponding  to  the  auto¬ 
radiographs  of  the  cock’s  combs  of  the  5,  15,  30  and  00  day  age  groups  respectividy. 
For  each  age  the  values  are  expressed  from  15  minutes  to  18  days  after  the  injection 
of  S’'K)4. 

S'*'’04  in  the  coek’.s  comh  under  androgenie  .stimulation.  The  growth  of  the 
intermediate  mueoid  zone  at  puberty  i.s  aeeompanied  by  the  appearance 
of  mueopoly.saeeharides  and  a  eorre.sponding  increased  uptake  of  S^'’04  in 
the  mucoid  layer.  The  tests  made  with  barium  hydroxide  and  hyaluronidase 

O.R. 

Fig.  *20.  Graphic  representation  of  tlic 
variations  in  the  autoradiograiihic  density 
of  the  cock’s  comb  after  intraperitoin  al 
injection  of  S’®04,  under  the  experimental 
conditions  detailed  in  the  text.  D-R  sig¬ 
nifies  autoradiographic  density  of  die 
histological  sections  and  is  the  function  of 
the  concentration  of  S^H)4  in  the  nun  'id 
layer  of  the  comb.  0.07  repre.sents  a  <  di¬ 
stant  factor  due  to  the  absorption  of  lie 
autoradiographic  film  and  the  partici  ar 
structure  analyzed. 

I  =  Group  I:  Prepuberal  untreated  birds  (control  for  Group  II) 

II=Group  II:  Prepuberal  birds,  treated  for  8  days  with  testosterone  apj'  <1 
locall}’. 

III  =  .Vdult  untreated  birds. 

IV  =  .Vdult  castrate  birds  (control  for  Groups  V  and  VI). 

V  &  VI  =  .\dult  castrate  birds,  treated  for  10  days  with  testosterone,  injected  ii  a- 

muscularly.  The  injections  started  one  month  after  castration  for  Grou  \ 
and  two  months  after  castration  for  Group  VI. 
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<lio\v  that  the  .'substance  responsible  for  the  uptake  of  S’*^04  is  a  sulfated 
imieopolysaeeharide  wliieh  has  already  been  demonstrated  in  other  types 
of  conneetive  tissue  (12).  The  presence  of  ehondroitin  sulphuric  acid  has 
been  shown  biochemically  in  the  comb  of  adult  cocks  (Id).  Another  muco- 
oolysaccharide,  hyaluronic  acid,  which  is  also  androgen  dependent,  has 
>een  demonstrated  in  the  cock’s  comb  (.o).  The  hormonal  dependence  of 
hese  mucopolysaccharides  is  further  substantiated  by  the  finding  that 
he  level  of  hexosamine  is  low  in  prepuberal  and  castrated  adult  cocks. 
,11(1  attains  normal  adult  values  after  the  admini.stration  of  testosterone 
!),  10). 

The  po.ssible  role  of  the  fibroblasts  in  the  production  of  this  polysac- 
(  haride  is  suggested  by  their  increa.sed  basophilia  and  cytopla.smic  alkaline 
p.hosphata.se  (0),  their  hypertrophy  and  the  accumulation  of  S-*'H)4  within 
jiiid  around  the  cell  bodies  during  the  first  few  hours  after  the  injection  of 
the  isotope.  These  findings  point  to  the  ability  of  the  fibroblasts  of  the 
cock’s  comb  to  respond  to  the  stimulus  of  androgenic  horm,ones,  and  there¬ 
fore  to  their  active  participation  in  the  process  of  mucoid  transformation 
of  fibrous  connective  ti.ssue. 

The  uptake  of  the  radioisotope  by  the  fibrous  connective  ti.ssue  of  the 
subepithelial  corium  and  the  central  core  of  the  comb  is  far  less  intense 
tlian  that  of  the  mucoid  layer.  The  uptake  of  isotope  by  the.se  zones  also 
increa.ses  from  puberty  to  adulthood  and  is  stimulated  by  the  action  of 
testosterone.  As  histochemical  techni(pies  for  mucopolysaccharides  give 
lU'gative  re.sults  in  these  zones,  the  greater  .sen.sitivity  of  the  radioauto- 
giaphic  method  with  S-*'’()4  confirms  the  existence  of  sulfated  polysaccha¬ 
ride's  in  this  fibrous  type  of  connective  ti.s.sue  as  has  been  shown  in  other 
species  (1-1,  lo). 

'Fhe  metabolism  of  mucopoly.saccharides  in  the  mucoid  zone,  as  measured 
with  S^H)4  is  more  rapid  in  the  lo-day  old  birds  than  in  tho.se  of  dO  and 
(it)  days  of  age.  In  the  former  group  the  autoradiographs  became  negative 
S  days  after  the  injection  of  the  radioi.sotope,  while  in  the  latter  it  disap¬ 
peared  from  the  ti.ssue  after  IS  days. 

1die.se  facts  indicate  that  the  metabolism  of  the  .sulfated  mucopolysac- 
cliarides  in  the  mucoid  zone  is  relatively  slow,  as  it  is  in  some  other  types 
of  connective  tissue  and  cartilage  (Hi,  17). 

REFERENCES 

1  Chami'V,  AND  X.  Kkitcm:  C.  Rend.  Sor.  Biol.  92:  983.  192.5. 

2  ('hami’Y,  C.  AN’i)  M.  Dkmay:  C.  Rend.  Sor.  Biol.  119:  23.  193.5. 

3  Hardksty,  \V.:  .!/«.  J.  Anal.  47:  277.  1931. 

4  .SziuMAi,  .1.  .\.:  .\nnt.  Rec.,  105:  337.  1949. 

.5  Boas,  X.  F.:  J .  Biol.  Cheni.  181:  .573.  1949. 

11  Xalran'dov,  F.,  H.  R.  Mkykr  and  W.  Moshan:  Endoerinology  39:  91.  194(1. 

7  Xalhaxdov,  a.  F.  and  L.  (’ard:  Endocrinology  38:  71.  194(5. 

8  Brknkman,  W.  R.:  .Innt.  Rec.  117:  .533.  19.53. 


440 


MAXCIXl  ET  AL. 


Volume  6 


9.  SziuMAi,  J.  A.:  J.  Ilistoch.  and  Cyloch.  4:  97.  1950. 

10.  Ludwig,  \.  .4X1)  X.  I'.  B().\s:  Endocrinology  46:  291.  1950. 

11.  Pelc,  S.  R.:  Xnture  160:  749.  1947. 

12.  M.wcini,  R.  E.,  C.  Xunez  .\xi)  E.  S.  Lu.stig:  Rev.  Soc.  Arg.  Biol.  31:  322.  1955. 

13.  I)oRF.M.\N,  .\.  .\Ni)  S.  Schiller:  Proc.  Soc.  Exp.  Biol.  Med.  92:  100.  1950. 

14.  Davie.s,  I).  V.  AND  L.  Young.  J.  of  Anal.  88:  179.  1954. 

15.  Mancini,  R.  E.  and  E.  S.  Lu.stig:  Rev.  Soc.  .\rg.  Biol.  30:  07.  1954. 

10.  Pelc,  S.  R.  and  .\.  Glucksmann:  Exp.  Cell  Res.  8:  330.  1955. 

17.  Belanger,  L.  F. :  Anal.  Rec.  88:  174.  1954. 


I 

I 


t 


i 

i 


THE  ENDOCRINE  SOCIETY 
1961  Annual  Meeting 

The  next  annual  meeting  of  The  Endocrine  Society  will  he  held  in  the 
Hotel  Biltmore,  New  York,  N.  Y,  June  22-24,  19()1. 


